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This work in v o lv e s  a fundam ental in v e s t ig a t io n  o f  th e  e f f e c t  o f  
co m p etit iv e  so r p tio n  p r o c e sse s  on th e  eq u ilib r iu m  and k in e t ic s  o f  
so r p tio n  by two so rb en t m a te r ia ls ,  a c t iv e  carbon gran u les  and nylon  
6 powder, u sin g  sim p le arom atic model s o lu t e s .  In  a d d it io n  the  
in f lu e n c e  on th e se  p r o c e sse s  o f  c o a tin g  the a c t iv e  ch arcoa l gran u les  
w ith  a th in  la y e r  o f  n y lon  6 was a ls o  s tu d ie d . The T h esis  i s  
d iv id ed  in to  th ree  p a r t s ,  th e  In tr o d u c tio n , E xperim ental and D isc u ss io n  
S e c t io n s . The In tr o d u ctio n  d ea ls  w ith  th e p r o p e r tie s  o f  a c t iv e  
carbon and n y lon  6 . This i s  then fo llo w ed  by a d is c u s s io n  o f  the  
s o r p t io n , d if f u s io n  and p er m e a b ility  p r o c e sse s  in  so rb en t m a te r ia ls ,  
and the p h ysicoch em ica l fa c to r s  th a t in f lu e n c e  them. The In tro d u ctio n  
i s  concluded  w ith  a s e c t io n  on co m p etitiv e  so r p tio n  phenomena.
The E xperim ental s e c t io n  d e sc r ib e s  the p h y s ic a l c h a r a c te r is a t io n  
o f  th e  sorb en t m a te r ia ls .  This i s  fo llo w ed  by d e t a i l s  o f  the  
d eterm in ation  o f  th e so r p tio n  iso th erm s fo r  the in te r a c t io n  o f  the  
model s o lu te s  from both  s in g le  and b in ary  s o lu te  s o lu t io n s  w ith  the  
so r b e n ts . The p h e n o lic  compounds were found to  have a h igh  a f f i n i t y  
fo r  n y lon  6 compared to  th e  b en zo ic  d e r iv a t iv e s  and b in a ry  s o lu te  
m ixtures o f  th e se  p h e n o lic  compounds showed co m p etitiv e  so r p tio n  
phenomena which was accompanied by a c o - p la s t i c i s a t io n  e f f e c t  a t  
h ig h er  c o n c e n tr a t io n . The b en zo ic  a c id  d e r iv a t iv e s  showed no 
c o m p e tit iv e  e f f e c t s  bu t a tem perature t r a n s it io n  e f f e c t  on so r p tio n  
was found fo r  th e se  compounds which was absent fo r  the p h e n o lic  
compounds. S orp tion  o f  th e  model s o lu te s  by a c t iv e  carbon from b in ary  
s o lu te  s o lu t io n  showed ev id en ce  th a t a co m p etitiv e  in t e r a c t io n  was 
o ccu rr in g , th e  e x te n t  o f  th e co m p etitio n  b ein g  r e la te d  to  the
c o n c e n tr a t io n  of the com peting sp>ecies. The a p p l i c a t i o n  of a 
t h i n  c o a t  of n y lo n  6 t o  th e  ch a rco a l  g r a n u le s  did n o t  r e s u l t  in  a 
s i g n i f i c a n t  change in  the  s o r p t io n  iso th erm  ty p e  found a lthough  the  
s o r p t i o n  c a p a c i ty  was low ered . The f i n a l  s e c t i o n  of th e  
ex p er im en ta l  work d e a ls  w ith  th e  k i n e t i c s  of s o r p t io n  o f  th e  s o r b e n ts ,  
a g a in  from b o th  s i n g l e  and b inary  s o l u t e  s o l u t i o n s .  The p r e sen ce  
o f  th e  c o a t  and o th e r  com peting s p e c i e s  p r e s e n t  in  s o l u t i o n  were  
b o th  s e e n  to  i n f l u e n c e  th e  k i n e t i c s  of s o r p t i o n .
The f i n a l  s e c t i o n  of th e  t h e s i s  d e a l s  w ith  th e  d i s c u s s i o n  of 
th e  exper im en ta l r e s u l t s  o b t a in e d .  The main c o n c lu s io n  drawn i s  
t h a t  th e  i n t e r a c t i o n  of th e  model s o l u t e s  w ith  th e  a c t i v e  carbon 
and ny lon  6 may be accounted f o r  by the  con cep t  of the  c o n s e r v a t io n  
o f  d i f f u s i n g  mass thus a l lo w in g  them to  be d i r e c t l y  compared 
d e s p i t e  marked d i f f e r e n c e s  in  t h e i r  p h y s ic a l  n a tu re  and s o r p t io n  
c h a r a c t e r i s t i c s .  The mechanisms of c o m p e t i t iv e  s o r p t io n  are  a l s o  
d i s c u s s e d  and compared w ith  models proposed in  the  l i t e r a t u r e .  The 
s o r p t i o n  c h a r a c t e r i s t i c s  of th e  com p osite  sorbent  are  accounted f o r  
i n  terms of th e  i n t e r a c t i o n  c h a r a c t e r i s t i c s  of i t s  two components to  
a s s e s s  whether s e l e c t i v e l y  permeable f i l m  c o a t s  cou ld  be used to  
improve th e  s o r p t io n  e f f i c i e n c y  o f  a c t i v e  carbon in  m u l t i - s o l u t e  
s y s t e m s .
SECTION 1 
INTRODUCTION
1 1 THE USE OF SORBENTS IN PHARMACY AND MEDICINE
Two ty p es  of sorbent m a te r ia ls  are  w id e ly  used in  Pharmacy 
and M ed icin e. In organ ic  ad sorb en ts such as k a o lin , magnesium 
t r i s i l i c a t e  and a c t iv e  carbon can remove to x ic  s o lu te s  from s o lu t io n  
o r b io lo g ic a l  f lu id s  when taken  in  the form of f in e  powders.
S y n th e tic  p l a s t i c  m a te r ia ls  a ls o  p o s s e s s  sorbent p r o p e r tie s  
which has led  to  t h e ir  development as d i a l y s i s  membranes or as  
components of su sta in e d  r e le a s e  drug d e liv e r y  d e v ic e s .
1 . 1 . 1  In organ ic  Sorbents
Sorbent m a te r ia ls  fo r  g a s t r o in t e s t in a l  d e t o x i f i c a t io n  should  
id e a l ly  have a broad spectrum  o f a f f in i t y  and ca p a c ity  fo r  ccanmon 
t o x ic  and p oisonous su b sta n ces  and be ab le  to  complex w ith  them in  
th e  p resen ce  of o th er  s o lu te s  found in  gut f lu id s .  K aolin , 
magnesium t r i s i l i c a t e  and a c t iv e  carbon f u l f i l  th e se  c r i t e r ia  to  
v a ry in g  e x te n ts  and a r e , c l i n i c a l l y ,  th e  most w id e ly  used m ed icinal 
so r b e n ts . Magnesium t r i s i l i c a t e  i s  th e  l e a s t  e f f i c i e n t  of th ese  
ad sorb en ts  and a ls o  p o s se s s e s  weak an ta c id  p r o p e r t ie s .  T h is sorbent 
forms a g e l on co n ta ct w ith  the a c id ic  stomach co n ten ts  and has been  
shown to  in te r a c t  w ith  t e t r a c y c l in e s ,  a n t ic h o lin e r g ic s  and o th er  
th e r a p e u tic  a g e n ts , red u cing  t h e ir  a b so rp tio n  from th e  gut (Swinyard 
1975) .  K aolin  i s  w id e ly  used in  aqueous su sp en sion  fo r  th e  treatm ent 
o f  d ia rrh o ea  a r is in g  from in g e s t io n  o f i r r i t a n t  m a te r ia ls .  K aolin , 
a hydrated aluminium s i l i c a t e ,  s t r u c t u r a l ly  com prises of f l a t  
p l a t e l e t s  w ith  n e g a tiv e  charges p resen t on the f l a t  fa c e s  and 
p o s i t iv e  ch arges a t  th e  edges (M artindale 27th E d it io n ) .
I t  has a broad spectrum of a c t iv i t y  w ith  r e sp e c t  to  b a s ic  drug 
m o lecu les  \d iich  a s s o c ia t e  by the form ation  o f a charge tr a n s fe r
2complex but th e  a f f in i t y  fo r  a c id ic  drugs i s  low (Armstrong and 
C larke 1976,  Crammer and D avies 1972) .  The e f f e c t iv e n e s s  o f k a o lin  
i s  fu r th e r  lim ite d  by the pH s e n s iv i t y  o f th e  charge tr a n s fe r  complex 
which i s  h ig h ly  s ta b le  a t  pH 9 .0  but u n sta b le  a t  low pH v a lu e s .
A ctiv e  carbon i s  w id e ly  used in  g a s t r o in t e s t in a l  d e t o x if ic a t io n  
and i t s  remarkable so rp tio n  p r o p e r tie s  are e x p lo ite d  in  a wide range 
o f  o th er  Pharm aceutical and M edicinal a p p lic a t io n s .  The use o f a c t iv e  
carbon, as a gen era l panacea, has been known s in c e  th e  tim e of the  
E gyptian  d y n a stie s  where i t s  a p p lic a t io n  in  th e treatm ent o f a wide 
range of d is e a s e s  was f i r s t  recorded on a papyrus dated c ir c a  1550 
BC. A ctiv e  carbon d e t o x i f ic a t io n  treatm ent was r e fe rred  to  by 
H ipp ocrates (400 BC) and P lin y  (50 AD) fo r  such d iv e r se  a ilm en ts  as 
e p i le p s y ,  v e r t ig o  and anthrax (Cooney 1980). The broad ad sorp tion  
spectrum  and h igh  a d so rp tiv e  ca p a c ity  o f a c t iv e  carbon i s  e x p lo ite d  
in  modern m edicine in  the treatm ent of p o iso n in g . In te r a c t io n s  w ith  
v ir t u a l ly  a l l  known p o te n t ia l  to x in s  has led  to  i t  bein g  regarded as 
a " u n iv ersa l a n tid o te"  (Boehm and Oppenheim 1977) .  A ctiv e  carbon  
has been shown to  adsorb a wide range of household  and environm ental 
p o iso n s  in c lu d in g  a lk a lo id s ,  s a l i c y l a t e s ,  paracetam ol and b a rb itu ra te s  
(Decker e t  a l ,  1968; Chin e t  a l ,  1970; Lipscombe and Widdop, 1975) .
The slow  mass tr a n s fe r  r a te  a s so c ia te d  w ith  so r p tio n  from 
s o lu t io n  by a c t iv e  carbon or th e  r ev e rse  d eso rp tio n  p ro cess  has 
r e s u lte d  in  i t s  u se fo r  s u s ta in in g  th e r e le a s e  o f drug s o lu te s  a c t in g  
l o c a l ly  in  or on th e  g u t. A ctiv e  carbon has s u c c e s s f u l ly  su sta in ed  
th e  r e le a s e  of e s e r in e  fo r  th e  treatm ent of a to n ia  of th e  in t e s t in a l  
w a ll  m uscle and hydroxyam inophenylarsonic a c id  fo r  th e treatm ent o f  
bowel in f e s t a t io n  and in f e c t io n  (Cooney 1980) .
A tech n iq u e , u t i l i s i n g  th e  h igh  a d so rp tiv e  ca p a c ity  o f a c t iv e
3carbon, h as been developed fo r  th e  treatm ent of sy stem ic  toxaem ia  
a r is in g  from drug overdose or renal or h ep a tic  f a i l u r e .  T his 
tech n iq u e , re fe rred  to  as haemoperfus io n , in v o lv e s  p a ssin g  th e  
p a t ie n t ' s  blood through a column of a c t iv e  carbon gran u les v ia  an 
ex tra c o rp o rea l shunt (Y a tz id is  1964) ,  The a c t iv e  carbon gran u les  
a re  g e n e r a lly  coated  w ith  a th in  la y e r  of a polym er, such as a 
h y d ro g e l, t o  in c r e a se  th e ir  b io c c m p a ta b ility  (Hagstamm e t  a l 1966) .
C lin ic a l  haem operfusion i s  a lready w id e ly  used in  p o ison s  
u n it s  w ith in  th e  U.K. and i t s  u se  in  chron ic ren a l and h ep a tic  
f a i l u r e  has a ls o  been su ggested  e i th e r  as an adjunct or a lt e r n a t iv e  
to  co n v en tio n a l h a em o d ia ly sis  (Giordano 1980) ,
Recent advances in  carbon tech n o logy  have led  to  th e development 
o f  a c t iv e  carbons th a t r e ta in  th e  m orphologica l c h a r a c te r is t ic s  of 
th e  m a te r ia ls  from which they a re  prepared . For exam ple, a c t iv e  
carbon has been manufactured in  th e  form of a f l e x i b l e  woven c lo th  
(B a ile y  1973) \diich has found use as a component of d r e ss in g s  fo r  
m alodorous wounds (B utcher 1976) ,  A ctiv e  carbon in  the form of 
u n iform ly  s ized  a c t iv e  carbon sp heres has a ls o  been developed as a 
s ta t io n a r y  phase packing m a ter ia l in  the gas chrom atographic 
a n a ly s is  of cyclopropane, an a n a e s th e t ic  (Analabs 1980) .  The 
a p p lic a t io n  of th e se  two m a te r ia ls  as components of haem operfusion  
system s has a ls o  been s tu d ied ; they were found to  have much 
g r e a te r  mass tr a n s fe r  r a te s  than con ven tion a l granular a c t iv e  
carbons (G aylor e t  a l 1976, Amano 1978) .
1 , 1 . 2  S y n th e tic  S orb en ts.
A wide range of s y n th e t ic  polym ers have been d eveloped , s in c e  
th e  Second World War, which have been used fo r  Pharm aceutical and 
M edical p u rp oses. Such m a te r ia ls  in c lu d e  p o ly e th y le n e .
4p o ly p ro p y len e , p o ly v in y lc h lo r id e  (P.V.C) and n y lo n . C erta in  polym eric  
m a te r ia ls  are capable of absorbing s o lu te s  from s o lu t io n s  b r o u ^ t  
in to  co n ta c t w ith  them and so may be c l a s s i f i e d  a s  so rb en ts . Apart 
from t h e ir  use in  p ackaging, th e se  m a te r ia ls  have been stu d ied  
e x te n s iv e ly  as components of su sta in ed  r e le a s e  dosage forms, 
g a s t r o in t e s t in a l  d e to x ify in g  a g en ts , chrom atographic s ta t io n a r y  phase  
m a te r ia ls ,  and fo r  a wide range of Pharm aceutical and M edical 
a p p l ic a t io n s .
1 . 1 . 2 . 1 .  S usta ined  R e lea se  Dosage Forms
S u sta ined  r e le a s e  dosage form s, based on p la s t i c s  m a te r ia ls ,  
f a l l  in to  two major c a te g o r ie s .  F i r s t l y ,  th e  r e s e r v o ir  d e v ic e  where 
a con cen trated  r e s e r v o ir  o f drug i s  con ta in ed  w ith in  a r a te  
c o n tr o l l in g  polym eric membrane and seco n d ly , th e  m atrix d e v ic e  
w here drug d isp ersed  w ith in  th e  polym eric m a tr ix , i s  r e le a se d  by 
a le a c h in g  type p r o c e ss . The r e s e r v o i r  d e v ic e s , developed fo r  u se  
as su sta in e d  r e le a s e  dosage form s, are o f  two main ty p e s . The f i r s t  
typ e  i s  used as a n o n -ero d ib le  depot p rep a ra tio n  and i s  o f a s i z e  
w hich can co n ta in  a r e l a t iv e l y  la rg e  amount o f drug and w i l l  remain  
a t  th e  s i t e  o f in s e r t io n .
E th y le n e v in y la c e ta te  copolym ers have been used as components 
o f  two commercial r e s e r v o ir  d e v ic e s .  The O cu sert  i s  used to  s u s ta in  
th e  r e le a s e  o f p ilo c a r p in e  in to  th e  eye and th e  P ro g e sta se r t  s u s ta in s  
th e  r e le a s e  of p ro g estero n e  lo c a l ly  in  th e  u teru s (Baker and L onsdale  
1975,  Roseman 1979) .  A n ovel o ra l r e s e r v o ir  dosage form has a ls o  
b een  developed  based on t h i s  p r in c ip le .  The Oros d ev ic e  c o n s is t s  o f  
a co n cen tra ted  drug r e s e r v o ir  en cap su la ted  w ith in  a membrane which  
i s  s e l e c t i v e l y  perm eable to  w ater , in  which a sm all ap ertu re has been
5d r i l l e d  u sin g  a la s e r .
Water flo w s in to  th e  d e v ic e , a t  a r a te  c o n tr o lle d  by th e  
membrane and d is s o lv e s  th e  drug, in c r e a s in g  th e  in te r n a l p r e ssu r e . 
The con cen tra ted  drug i s  th en  forced  out o f th e  ap ertu re a t  a r a te  
which i s  in d ir e c t ly  c o n tr o lle d  by th e  s e l e c t i v e l y  permeable membrane 
(Theeuwes 1976) .
The second type of r e s e r v o ir  dosage form c o n s is t s  o f sm a ll, 
polym eric  drug c o n ta in in g  p a r t i c l e s ,  c a l le d  m icro ca p su les, i& ich  
can co n tro l th e  r e le a s e  of th e  drugs. The c o n tr o lle d  r e le a s e  of 
p en to b a rb ito n e  has been ach ieved  u sin g  ny lon  m icrocap su les (L uzzi 
e t  a l 1970) and su lp h a d ia z in e  by g e la t in  m icrocap su les (N ixen and 
Walker 1971) .
The Gradumet t a b le t  i s  an example of a polym eric dosage form 
i n  which th e  drug i s  d isp ersed  th r o n g  out th e  m atrix a s  opposed to  
b e in g  p resen t in  an is o la t e d  r e s e r v o ir .  The Gradumet c o n s is t s  of 
a h ig h ly  porous n o n -ero d ib le  p la s t i c  m atrix co n ta in in g  a f i l l e r  
m a te r ia l mixed w ith  th e  drug. The f i l l e r  i s  h y d r o p h ilic  and 
a t t r a c t s  w ater r e s u lt in g  in  d is s o lu t io n  of the drug, \ i i ic h  i s  then  
r e le a se d  a t  a c o n tr o lle d  r a te  by a p ro cess  of in tra p o re  d if f u s io n  
(Roseman 1979) .
P la s t i c s  m a te r ia ls  such as p o ly e th y le n e , po lyp rop y len e and 
n ylon s have been in v e s t ig a te d  fo r  t h e ir  u se as in so lu b le  t a b le t  
m a tr ic e s . Vora (1964) ,  f o r  exam ple, has reported  on th e  u se  o f P.V.C.  
a s  a t a b le t  m atrix  fo r  su sta in e d  r e le a s e  p rep ara tion s of a s p ir in .
1 . 1 . 2 . 2  D e t o x i f ic a t io n .
W h ilst C ellophane has been used f o r  many years as the standard  
membrane in  kidney m achines, o th er  polym ers, in c lu d in g  n y lo n s , are  
now being in v e s t ig a te d  fo r  t h e ir  a p p l ic a b i l i t y  in  d ia ly s i s
6(Kostenbauder 1969) .  A re c e n t study has reported  on th e development 
o f  a sorbent membrane c o n s is t in g  o f a c t iv e  carbon bonded to  c e l lu lo s e  
w ith  a second la y e r  of th in  cuprophan serv in g  as th e biocom patable  
elem ent in  co n ta c t w ith  b lood (Gurland e t  a l 1978) .
P olym eric sorb en ts  are a ls o  used fo r  d e t o x i f ic a t io n  in  
p o iso n in g  in c id e n ts  or toxaem ia. C holestyram ine, an io n  exchange 
r e s in ,  i s  adm in istered  o r a l ly  to  e f f e c t  th e  removal o f  weakly a c id ic  
t o x in s .  T herapeutic agen ts such as a s p ir in ,  w arfar in  and 
phenylbutazone are a ls o  e f f i c i e n t l y  adsorbed by ch o lestyram in e  
(Boehm and Oppenheim 1977) and i t s  u se has been recommended in  
th e  c l i n i c a l  a d sorp tion  o f paracetam ol (Dordoni e t  a l  1973) .
1 . 1 . 2 . 3  Chromatography.
N ylon 6 i s  p r e se n t ly  used as a s ta t io n a r y  phase m a ter ia l fo r  
th e  th in  la y e r  chrom atographic a n a ly s is  o f s o lu te s  which can form 
stro n g  hydrogen bonds w ith  the amide group in  th e  m atrix  (Bark and 
Graham 1967) .  These in c lu d e  arom atic s o lu te s  p o s se s s in g  the  
p h en o lic ,h y d r o x y l and n itr o  groups.
1 . 1 . 2 . 4  C ontainers and P ack ages.
P olym eric m a te r ia ls  are w id e ly  used in  Pharmacy as co n ta in ers  
and packages due to  th e ir  l ig h t n e s s ,  toughness and r e s is ta n c e  to  
chem ical a tta c k . P la s t i c s  m a te r ia ls  have been shown to  in te r a c t  
w ith  th e  components o f l iq u id  form u la tion s r e s u lt in g  in  th e lo s s  o f  
a c t iv e  m a te r ia ls  and e x c ip ie n t s ,  or a llo w in g  th e  in g r e s s  of 
atm ospheric g a ses  a l l  o f which a f f e c t  the s t a b i l i t y  o f  th e form u lation , 
(R ichardson 1973, A utian e t  a l  1958) .  The so r p tio n  o f a p a r t ic u la r  
m olecu lar  s p e c ie s  by the polymer i s  g e n e r a lly  in stru m en ta l in  
e f f e c t in g  th e  sp o ila g e  o f l iq u id  form u la tion s (R ichardson 1973,
A utian  1963) .
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1.2 THE ORIGIN AND SCOPE OF THIS WORK.
Sorbent m a t e r ia l s  used f o r  Pharm aceutica l and M edical purposes  
w i l l  u s u a l ly  en cou n ter  complex m u l t i s o l u t e  s o l u t i o n s .
G a s t r o in t e s t i n a l  a d so r b e n ts  come in t o  c o n ta c t  w ith  gut f l u i d s
and Pharm aceutica l fo r m u la t io n s ,  con ta in ed  w i t h in  po lym er ic  m a t e r ia l s ,
may be composed of more than one a d so r b a te  s o l u t e .
Sorbent m a t e r ia l s  are  ev a lu a ted  on th e  b a s i s  of fundamental 
s o r p t io n  s t u d ie s  which attem pt to  e s t a b l i s h  and c h a r a c t e r i s e  t h e i r  
i n t e r a c t i o n  w ith  s p e c i f i c  s o l u t e s .  G e n e r a l ly ,  t h e s e  s t u d ie s  have  
on ly  in vo lved  th e  a d s o r p t io n  o f  a s i n g l e  s o l u t e  from sim ple  s o l u t i o n .
Sudi s in g le  s o l u t e  a d s o r p t io n  s t u d ie s  can p rov id e  much u s e fu l  
in form ation  about th e  n a tu re  and mechanism of th e  i n t e r a c t i o n  but 
are  l im ite d  in  e v a lu a t in g  th e  performance of th e  sorbent in  more 
complex media. T h is  has been shown by G oldenhersh (1976) and 
Tsuchiya and Levy (1972) who found t h a t  th e  s o r p t io n  of v a r iou s  
t o x in s  by a c t i v e  carbon was lowered in  the  p r e sen ce  of endogenous  
compounds found in  b i o l o g i c a l  f l u i d s .  Sparks (1975) has su ggested  
t h a t  s i n g l e  s o l u t e  s o r p t io n  s t u d ie s  may. t h e r e f o r e ,  o v e r e s t im a te  
th e  a f f i n i t y  and c a p a c i ty  of th e  sorb en t  f o r  a s p e c i f i c  s o l u t e  in  
th e  p resen ce  of competing endogenous s p e c i e s .
P re lim inary  s t u d i e s ,  i n  th e  b iom ed ica l  f i e l d ,  i n t o  th e  i n h i b i t i o n  
o f  s o r p t io n  due to  m u l t i s o l u t e  uptake have i n v e s t i g a t e d  th e  s o r p t io n  
o f  s p e c i f i c  s o l u t e s  from b i o l o g i c a l  media (G oldenhersh  1976 ) .
Other work has been  concerned w ith  th e  s o r p t i o n  o f  s o l u t e  from 
sim ple  s o lu t io n s  u s in g  coated  and uncoated a d so rb en ts  which a r e ,  
s t r u c t u r a l l y ,  c l e a r l y  u n r e l a t e d .  (S k a lsk y  & F a r r e l l  1979) .  In  
a d d i t io n ,  s e v e r a l  workers in  the  chem ical e n g in e e r in g  and a l l i e d  
f i e l d s  have in v e s t i g a t e d  c o m p e t i t iv e  s o r p t io n  on to  a c t i v e  carbon; such
8such rep o rts  have been p r im a r ily  concerned w ith  th e  theory r e le v a n t  
to  th e  p r e d ic t io n  of m u lt is o lu te  so r p tio n  e q u i l ib r ia  from s in g le  
s o lu te  data (Radke and P rau sn itz  1972b, Weber and M orris 1964) .
A I t  ho u ^  th e  o v e r a l l  in h ib ito r y  e f f e c t  of co m p etit iv e  so r p tio n  from 
m u lt is o lu te  s o lu t io n s  has been c le a r ly  dem onstrated , th e  fundamental 
mechanisms a s so c ia te d  w ith  th e  p ro cess  a re  s t i l l  n o t  f u l l y  u n derstood . 
I t  was, th e r e fo r e , decided  t o  i n i t i a t e  a fundam ental study o f  
a d so rp tio n  from binary s o lu te  s o lu t io n s  u s in g  sim ple model system s.
1 . 2 . 1  S e le c t io n  of th e  Model System s.
Two sorbent m a te r ia ls  were s e le c te d  fo r  t h i s  in v e s t ig a t io n ,  
nylon  6 and a c t iv e  carbon. Nylon 6 was chosen  a s  th e  c h a r a c te r is t ic s  
and fa c to r s  a f f e c t in g  th e  so r p tio n  o f weak e l e c t r o ly t e s  from s in g le  
s o lu t e  s o lu t io n s  have been e x te n s iv e ly  stu d ied  p r e v io u s ly  in  th e se  
la b o r a to r ie s  (R ichardson 1973,  Ho, 1977) .  Nylon 6 i s  r e a d ily  
obtained  in  an alm ost pure form (R ichardson 1973) in  th e  absence of  
a d d it iv e s  such as p la s t i c i z e r s  which have been shown to  m odify th e  
so r p t io n  of s o lu te s  by p la s t i c s  (Bray 1977) .  The second adsorbent 
stu d ied  was a c t iv e  carbon, an example of a m a ter ia l th a t  i s  a lso  
w id ely  used in  Pharmacy and M edicine. A ctiv e  carbon was used in  a 
granular form th a t  had been s p e c ia l ly  p u r if ie d  t o  remove tr a c e  
m eta ls and contam inants to  produce a m ed ic in a l grade product s u ita b le  
fo r  use in  haemoperf us io n  columns (Fennimore, P erson a l Communication 
Simmonite, 1973) .
The model s o lu te s  s e le c te d  w ere e i th e r  p h e n o lic  in  nature  
(phenol and 4 -n itro p h en o l)  or  sim ple b en zo ic  a c id ) \d iich  p o sse ss  
fu n c t io n a l groiq>s common to  many drugs and p r e s e r v a t iv e s .
When used in  haemoperf us io n  columns, a c t iv e  carbon gran u les are  
coated  w ith  a th in  la y e r  of polymer \d iich  perform s s e v e r a l fu n c t io n s .
3The polyiner c o a t  d e c r e a s e s  th e  in c id e n c e  of thrombus form ation ,  
thus promoting th e  b io c o m p a t ib i l i t y  of the  s u r f a c e  of the  carbon,  
by p rev en tin g  th e  shedding of f i n e  p a r t i c l e s .  The polymer c o a t  
may a l s o  c o n fe r  some d egree  of s e l e c t i v i t y  on th e  adsorbent by 
d i f f e r e n t i a l l y  c o n t r o l l i n g  th e  nature  of m a t e r ia l s  a llow ed  a c c e s s  
t o  the  a d so r p t io n  s i t e s  w i th in  th e  carbon p o r e s .  Sparks (1975) has  
su g g es ted  th a t  the  s o r p t io n  c a p a c ity  of th e  sorbent  f o r  a s p e c i f i c  
m olecu le  may be in c re a se d  by th e  use  of a s e l e c t i v e  po lym eric  
m icrocap su le  w a l l  around th e  g r a n u le .  Meier e t  a l  (1972) have 
reported  t h a t  c e l l u l o s i c  c o a t in g s  c o n fer s  s e l e c t i v i t y  fo r  c e r t a in  
s o l u t e  s p e c ie s  by a " l i k e - d i s s o l v i n g - l i k e "  p r i n c i p l e  e . g .  hydrophobic  
m o le c u le s  d i f f u s i n g  more r a p id ly  through hydrophobic c o a t in g s .
Huang (1974) has reported  on the  use of charged polymer f i lm s  
which s p e c i f i c a l l y  s e l e c t  s p e c ie s  of o p p o s i t e  ch arge .
The s o r p t io n  s t u d ie s  c a r r ie d  out in  t h i s  work w ere, t h e r e f o r e ,  
extended to  in c lu d e  an i n v e s t i g a t i o n  of  the  i n t e r a c t i o n  of the  model 
s o l u t e s  w ith  a c t i v e  carbon g r a n u le s  th a t  had been  coated  w ith  a 
t h in  f i lm  of nylon  6,
1 3 . MATERIALS.
1 3 . 1  Nylon 6.
Nylon i s  the  g e n e r ic  name f o r  a s e r i e s  of polymers a l s o  known 
a s  po lyam ides .  Nylon 6 i s  a l i n e a r  homopolymer and shows th e  t y p i c a l  
s t r u c t u r e  of th e  polyamide group c o n s i s t i n g  of a long cha in  of  
m ethy lene  groups which are  in te r r u p te d  by an amide group a f t e r  each 
f i f t h  CH2  group. The polymer thus has both p o la r  and n on -p o lar  
c h a r a c t e r i s t i c s  con ferred  by th e  amide and m ethylene  groups  
r e s p e c t i v e l y  Nylon 6 i s  s y n th e s iz e d  from caprolactam  by s c i s s i o n  
o f  the  lactam r in g ,  about 90% of the monomer b e ing  converted  t o  the
polym er. (E ncyclopedia  o f Polymer S c ie n c e  & T ech n o logy).
NH
( CHj >5  1^  NH — ( CH^  ) ^  —CO ^  NH —
CO
The polymer m atrix i s  heterogeneous in  n atu re c o n s is t in g  o f  
both amorphous and c r y s t a l l in e  r e g io n s . Both in t e r  and in tr a c h a in  
hydrogen bonds e x i s t  betw een th e  amide groiq)s. When th e  polymer 
ch ain s are a lig n e d  c lo s e ly  to  each o th e r , a s  shown sc h e m a tic a lly  in  
f i g u r e  1 . 1 , th e  ex ten t o f in te r c h a in  hydrogen bonding i s  a t  a 
maximum r e s u lt in g  in  a h ig h ly  s ta b le  c r y s t a l l in e  c o n f ig u r a t io n .
0 — C y
C = 0
F igu re 1 .1  Schem atic R ep resen ta tio n  of Hydrogen Bond Form ation  
Between Nylon 6 M o lecu les .
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The amorphous r e g io n s , however, a re  much l e s s  e x te n s iv e ly  
hydrogen bonded. The p resen ce  of c r y s t a l l in e  reg io n s r e s u l t s  in  
th e  polymer having a h igh m eltin g  p o in t and impact s tr e n g th .
The proxim ity  of th e amide chains and thus th e  e x te n t  of bond 
form ation  i s  in flu en ce d  by en v iron n en ta l f a c to r s  such as p h y s ic a l  
s t r e s s  (Brysdon 1970) ,  h yd ra tion  (A utian  1963) and tem perature  
(Lord 1974) .  Lord (1974) showed th a t  th e  polymer chains cou ld  
a l ig n  in  the same or o p p o s ite  d ir e c t io n s  w ith  r e sp e c t  to  one another  
which are  r e fe rred  to  as th e  p a r a l le l  and a n t i - p a r a l l e l  
c o n f ig u r a t io n s , r e s p e c t iv e ly .  I f  th e  m atrix  i s  heated  to  40° -  
50° th e  m ethylene sequences in  th e c r y s t a l l in e  reg io n s w ith  p a r a l le l  
c o n fig u r a t io n  a cq u ire  s u f f i c i e n t  m o b ility  to  t w is t ,  en ab lin g  th e  
e x te n t  of hydrogen bonding to  be enhanced. The r e s u lt in g  bond 
form ation  cannot a t t a in  any degree o f p e r fe c t io n ,  however, because  
o f  th e  s tr u c tu r a l c o n s tr a in ts  of th e  a n t i - p a r a l l e l  reg io n s which 
p h y s ic a l ly  r e s t r i c t  e x c e s s iv e  movement in  th e  p a r a l l e l  r e g io n .  
F urther h ea tin g  in  th e  range of 150° cau ses tw is t in g  and 
c o n s o lid a t io n  of bonding in  th e  a n t i - p a r a l l e l  r e g io n . T his 
occurs w ith  a consequent d isr u p tio n  o f hydrogen bonding in  th e  
p a r a l l e l  r e g io n  p r e v io u s ly  e s ta b lis h e d  a t  th e  low tem perature  
(Lord 1974) .
H ydration  o f th e  m atrix  by s p e c i f i c  bond form ation  betw een w ater  
m o lecu les  and u n a sso c ia ted  amide groups has been  e s ta b lis h e d  u sin g  
vapour phase a d so rp tio n  tech n iq u es (P u ffr  and Sebenda 1967) .
Water can g a in  a c c e s s  to  th e  m atrix v ia  th e  amorphous reg io n s but 
cannot p en e tra te  th e  r e l a t iv e l y  den ser c r y s t a l l in e  r e g io n s .
Three ty p es  of w ater-am ide groiq) bond have been p o s tu la te d  which 
















(T )  T ig h tly  Bound Water 
L oosely  Bound Water
C a p illa ry  Condensed 
Water
Fig u re  1 .2  Model fo r  th e  D is tr ib u t io n  o f  Sorbed Water 
in  Nylon 6 (Puffr  and Sebenda 1967) .
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The w ater m olecu les re ferred  to  by th e  numbers 1 , 2 and 3 in  
f ig u r e  1 . 2  correspond to  t ig h t ly  bound, lo o s e ly  bound and c a p il la r y  
condensed w ater r e s p e c t iv e ly .  T ig h tly  bound w ater m o lecu les form 
a double hydrogen bond betw een the carbonyl f r e e - e le c t r o n  p a ir s  of 
two ad jacent amide groups. The lo o s e ly  bound w ater m o lecu les are  
more numerous and can bind by jo in in g  e x is t in g  hydrogen bonds 
betw een th e  carbonyl and amide groups o f ad jacen t amide l in k s .  
C a p illa ry  con d en sa tion  occurs by th e  s e l f  a s s o c ia t io n  o f incoming 
w ater m o lecu les  w ith  e x i s t in g ly  bound w a ter , w ith  th e  condensed 
w ater r e ta in in g  a s im ila r  a c t iv i t y  to  th a t o f bulk  phase w ater .
In  summary, th e r e fo r e , th e  n y lon  6 m atrix i s  h e ld  to g e th e r  by 
in te r c h a in  hydrogen bonds to  m ain ta in  a p a r t ia l ly  c r y s t a l l in e ,  
p a r t ia l ly  amorphous s tr u c tu r e . C hem ically th e  m atrix c o n s is t s  o f  
p o la r  r i i o n s  and nonpolar r i i o n s  due to  th e  p resen ce  of th e amide 
and m ethylene groups in  the polymer ch a in . The e n t ir e  m atrix i s  a 
dynamic s tr u c tu r e  capable of m o d if ic a tio n  under th e  in f lu e n c e  of 
e x te r n a l p h ysicoch em ica l f a c to r s .  The amorphous a rea s are  
a c c e s s ib le  to  w ater which i s  capable of h yd ratin g  u n a sso c ia ted  amide 
groups by s p e c i f i c  hydrogen bond form ation . The s y n th e s is ,  s tr u c tu r e  
and p r o p e r t ie s  of o th er  common polyam ides have been d iscu sse d  in  
d e t a i l  e lsew h ere . (R ichardson 1973,  Ho 1977) .
1 . 3 . 2 .  A ctiv e  Carbon
The v ariou s forms of carbon are summarised in  f ig u r e  1 ,3
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—  (a) CHARCOALS
AMORPHOUS
CARBON
- i)U n a c t iv a te d ,
Cokes & Chars,
i i ) A c t iv a t e d ,
A ctiv e  Carbon.
—  (b) CARBON BLACKS- i )  Lamp Black
i i )  Channel Black
i i i )  Furnace Black  
iv )  A cety len e  B lack .
  (c )  PARTIALLY GRAPHITISED SAMPLES OF
(a) AND (b) .
  (d) BONE CHARS: m ain ly  organ ic  m a ter ia l





F igure 1 .3  A lio tr o p e s  and S u b c la sse s  o f Carbon
T his study i s  concerned w ith  the a c t iv e  carbon su b c la ss  of  
th e  amorphous a l lo t r o p ie  form of carbon. The aim of a m anufacturing  
p r o c e ss  producing a c t iv e  carbon i s  to  con vert a hydrocarbon precursor  
m a te r ia l in to  pure carbon, and develop  an e x te n s iv e  porous network 
w ith in  the r e s u lta n t  m a te r ia l.  The p rocessed  m a te r ia l,  u su a lly  
c e l l u l o s i c  in  n a tu re , i s  i n i t i a l l y  burnt a t  r e l a t iv e l y  low tem peratures  
to  remove most o f th e  non-carbon elem ents which are g iven  o f f  as 
v o l a t i l e  products o f ch em ica lly  d iv e r se  p y r o ly t ic  r e a c t io n s .  I f  
t h i s  p ro cess  i s  ca rr ied  out in  th e absence o f a ir  i t  i s  r e fe rred  to  
as cok ing and th e end r e s u lt  i s  a low a c t iv i t y  coke which p o sse s se s
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a rudimentary in t e r n a l  pore s t r u c t u r e .  To o b ta in  a c t i v e  carbon,  
t h e  pore s t r u c t u r e  of th e  coke i s  c o r s o l id a t e d  by o x i d a t i o n ,  where 
t h e  pore system  i s  extended and o x id e  groups a r e  produced on th e  
p o r e  w a l l s  by chem ical r e a c t io n s  a t  th e  s u r f a c e .  A ir ,  c h l o r i n e ,  
oxygen  and su lphur  vapours may a l l  be used a s  o x id a n t s ,  but steam  
i s  g e n e r a l l y  p r e fe r r ed  on an i n d u s t r i a l  s c a l e  as  the  r e s u l t i n g  
a c t i v a t i o n  r e a c t io n  i s  endothermie and thus more e a s i l y  c o n t r o l l e d .  
A c t i v a t i o n  v ia  th e  coke in te r m e d ia te  i s  c a r r ie d  o u t ,  i n d u s t r i a l l y ,  
by a two s ta g e  p r o c e s s .  The same r e s u l t  may be a ch iev ed  by 
s im u lta n eo u s  coking and a c t i v a t i o n .  T h is  method i s  termed "chem ical  
a c t i v a t i o n "  and i n v o lv e s  s a t u r a t i o n  of the  c e l l u l o s i c  p recu rso r  
w ith  in o r g a n ic  o x i d i s i n g  or d eh yd ra tin g  a g e n ts  i . e .  z in c  c h l o r i d e ,  
ph osp h or ic  acid  or potassium  s u lp h id e ,  fo l lo w e d  by a n o x ic  p y r o l y s i s .  
The p r ecu rso r  i s  burnt to  form a coke, and a t  th e  h ig h e r  
tem p eratu res  used th e  in o r g a n ic  s a l t s  l i b e r a t e  o x i d i s i n g  g a s e s ,  
i n s  i tu  thus in s ta n t a n e o u s ly  a c t i v a t i n g  th e  coke a t  i t  forms. The 
c o n v e n ie n c e  of t h i s  s i n g l e  u n i t  p r o c e ss  method of p ro d u ct io n  i s  
u s u a l l y  o f f s e t  by th e  need to  remove the  h igh  in o r g a n ic  ash r e s id u e s  
by w ash ing . The r e s u l t i n g  a c t i v e  carbon c o n s i s t s  of a mass of  
e le m e n ta l  carbon c o n ta in in g  a tor tu ou s  h ig h ly  complex pore system  
The mass of e lem en ta l  carbon c o n s i s t s  m ain ly  o f  atoms p r e s e n t  in  a 
t u r b o s t r a t i c  arrangement ( f i g u r e  1 4a) The atom ic  arrangement  
w i t h in  th e  e lem en ta l  mass i s ,  however, h e ter o g e n e o u s  and c e r t a in  
m i c r o c r y s t a l l i t e s  of a g r a p h i t i c  s t r u c t u r e  ( f i g u r e  1 4b) a r e  a l s o  
p r e s e n t  a few la y e r s  in  t h ic k n e s s  and l e s s  than  100& in  w id th  







F igure 1 .4  Schem atic Diagram Comparing (a) a T u rb o stra tic  
Arrangement o f  Carbon Atoms w ith  (b) a G rap h itic  S tru ctu re
?The le v e l  o f s tr u c tu r a l im p erfec tio n s  in  a c t iv e  carbon i s  very  h igh  
which r e s u l t s  in  a d iv e r se  v a r ie ty  o f edge carbon o x id a tio n  
r e a c t io n s  during a c t iv a t io n .  Seven exam ples of th e  su r fa ce  ox ide  
groups th a t have been proposed are summarised in  f ig u r e  1 . 5  
(M attson and Mark 1971) .
A c tiv e  carbons owe t h e ir  h igh  so r p tio n  a f f i n i t y  and ca p a c ity  to  
t h e ir  complex in te r n a l pore network. The pore network c o n s is t s  of 
a s e r ie s  of d if f e r e n t  s iz e d  pores which have been c l a s s i f i e d  by 
D ubinin  (1955) as macro, meso and m icropores. The la r g e r  macro and 
m esopores, w ith  pore r a d i i  between 1200& to  160,000A , have been  
c h a r a c te r ise d  u sin g  mercury porosim eter  tech n iq u es (R it te r  and Drake 
1947) .  The sm a ller  m icropores have r a d i i  reported  to  be as low as 
lo S  (K ip lin g  1956) ,  and are u su a lly  in v e s t ig a te d  by B.E.T.  gas  
a d so rp tio n  tech n iq u es (Cohan 1938) .  The h igh  a c t iv i t y  o f porous 
carbon has been shown to  be due alm ost e n t ir e ly  to  the abundance o f  
m icropores (Juhola and W iig 1949) .  These workers determ ined th e  
B.E.T.  su r fa c e  area in  th e v a r io u s  porous reg io n s  o f a Darco G
a c t iv e  carbon and showed th a t th e macropores and mesopores accounted
^ —1 2 “ 1
fo r  on ly  3 m g out o f a t o t a l  su r fa ce  area o f 1500 m g , the
rem aining e x c e ss  area e x is t in g  in  th e m icropore network (Juhola
and W iig 1949) .
1 . 4  CLASSIFICATION OF THE TERMS USED IN DRUGS-SORBENT INTERACTIONS
The va r io u s typ es of so lu te -s o r b e n t  in te r a c t io n s  th a t may occur  
when an adsorbent i s  p laced  in  co n ta ct w ith  a s o lu t io n  o f a s p e c i f i c  
s o lu t e  are summarised in  f ig u r e  1 . 6 .
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F igure 1 .5  Surface Oxide Complexes P resen t on th e Surface o f  









SORBENT PHASE-K- LIQUID PHASELIQUID PHASE
F igure 1 .6  I n te r a c t io n  P ro c esse s  in  Sorbent M a ter ia ls
a) A dsorption  in v o lv e s  th e co n cen tra tio n  o f a component o f the  
so r p t io n  system  a t  an in te r fa c e  between p h a se s . In  t h is  study th e  
in t e r a c t io n  tak es p la ce  a t  th e  s o l id - l iq u id  in t e r f a c e .  The adsorbate  
m o lecu les  are m om entarily im m obilised  a t  th e  in te r fa c e  during the  
a d so rp tio n  p ro cess  such th a t when the r a te  a t  which m olecu les a r r iv e  
eq u a ls  the r a te  a t  which they d ep art, th e  system  i s  sa id  to  be in  a 
s t a t e  of dynamic eq u ilib r iu m . In t h is  study th e  term ad sorp tion  i s  
a p p lied  to  th e  n e t tr a n s fe r  o f s o lu te  from bulk  s o lu t io n  to  the  
in t e r f a c e  as opposed to  i t s  freq u en t use to  d e scr ib e  th e  momentary 
im m o b ilisa tio n  o f a s in g le  s o lu te  m olecu le a t  th e  in te r fa c e .
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b) S orp tion  i s  a term ap p lied  to  an in te r a c t io n  whereby the s o lu te  
can p en e tra te  in to  th e bulk  o f th e  adsorbent by c r o s s in g  an in t e r f a c e .  
The term, th e r e fo r e , d e sc r ib e s  both the a d so rp tio n  s ta g e  a t  th e  
su r fa c e  and th e p e n e tr a tio n  s ta g e .  S orp tion  p r o c e sse s  are t y p ic a l ly  
shown in  so lu te -p o ly m er  so r p tio n  system s (R ichardson 19 7 3 ).
c) P erso rp tio n  d e sc r ib e s  th e  p ro cess  whereby s o lu te  m o lecu les  
p e n e tr a te  a s e r ie s  o f pores in  th e  bulk  o f th e  sorb en t ra th er  than  
a t  th e  m olecular l e v e l ,  as i s  th e  case  in  so r p tio n  (Adamson 1 9 6 7 ).
T h is p ro cess  i s  found in  th e  in te r a c t io n  o f s o lu t e s  w ith  porous 
ad sorb en ts such as a c t iv e  carbon.
In  th e l i t e r a t u r e ,  and in  t h i s  work, th e  term so r p tio n  i s  
a p p lied  to  th e uptake o f s o lu te s  by sorb en ts when th e  s p e c i f i c  
mechanism i s  u n c lea r  in  a d d it io n  to  th e p a r t ic u la r  meaning g iv en  
a b ove.
d) Perm eation a r is e s  when a tra n sp o rt system  i s  crea ted  in  id iich  
s o lu t e  m o lecu les  cro ss  a b a r r ie r  which se p a r a te s  a s o lu te  s o lu t io n  
from a second bu lk  p h ase . The mechanism of perm eation  tak es p la c e  
p r im a r ily  by th e  s o r p t io n , d is t r ib u t io n  and d i f f u s io n  p r o c e sse s  
i l lu s t r a t e d  sc h e m a tic a lly  in  f ig u r e  1 .7 .  S o lu te  i n i t i a l l y  adsorbs 
on to  the su rfa ce  o f th e  sorb en t membrance from th e donor 
compartment (1) and d i f f u s e s  through th e s tr u c tu r e  by a so r p tio n  
p r o c e ss  ( 2 - 5 ) .  A fter  a g iv en  tim e in te r v a l  a co n cen tra tio n  
g r a d ie n t e x i s t s  a cro ss  the e n t ir e  membrane th ic k n e ss  a t  which  
p o in t  s o lu te  desorbs in to  th e  recep to r  compartment ( 6 ) .  The 
tr a n s fe r  o f mass co n tin u es  under th e in f lu e n c e  o f th e  now 
d ecre a sin g  co n cen tra tio n  g ra d ien t in  the polymer (7) u n t i l  

















F igure  1.7 Schem atic R e p r e se n ta t io n  o f  the  Transport  
o f  a S o lu te  Through a Polymer Membrane ( Bray 1977 )
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T h is p ro cess  has been shown to  occur fo r  th e  tra n sp o r t of many 
s o lu t e s  of Pharm aceutical i n t e r e s t  th r o u ^  polym eric f ilm s  
in c lu d in g  polyam ides (Ho 1977).
e) D eso rp tio n  i s  a gen era l term ap p lied  to  th e  p ro cess  whereby 
th e  n e t  tr a n s fe r  of s o lu te  occurs from th e  sorb en t back in to  
s o lu t io n .  The term a p p lie s  to  th e  r e v e r se  of th e  a d so rp tio n , 
so r p t io n  and p e r so r p tio n  p r o c e s se s . Many a d so rp tio n  and so r p tio n  
p r o c e s s e s  are  r e v e r s ib le  \dien p h y sic a l fo r c e s  are  r e sp o n s ib le  fo r  
th e  im m o b ilisa tio n  of s o lu t e .  C onsequently, i f  th e  e q u ilib r a te d  
so rb en t i s  p laced  in  con tact w ith  a s o lv e n t ,  o f low er chem ical 
p o te n t ia l  w ith  r e sp e c t to  th e  s o lu t e ,  th e  system  w i l l  r e - e q u il ib r a te .  
The r e - e q u i l ib r a t io n  o f th e  system  w i l l  r e s u l t  in  s o lu te  le a v in g  
th e  so rb en t, a l t h o u ^  th e  p o in t a t  which th e  eq u ilib r iu m  of th e  
so r p t io n  system  i s  r e -e s ta b lis h e d  should  a ls o  f a l l  on th e  so r p tio n  
iso th erm  (s e e  s e c t io n  1 .5 .1 ) .  The superim m position  of isotherm s  
ob ta in ed  from so r p tio n  and d eso rp tio n  experim ents has been reported  
f o r  th e  in t e r a c t io n  o f e th y l 4-aminob enzo a t e  w ith  ny lon  6 
(R ichardson  1973, Ho 1977) and fo r  4 -n itro p h en o l and a c t iv e  carbon  
(M attson and Mark 1971) .
1 .5  EQUILIBRIUM SORPTION FROM SOLUTION
A dsorp tion  a t  th e  s o l id  liq u id  in te r fa c e  occurs in  an attem pt 
t o  reduce th e  in t e r f a c ia l  t e n s io n  of th e  s o l id  adsorbent m ater ia l 
when in  co n ta c t w ith  a s o lu t io n .  D ilu te  aqueous s o lu t io n s  of 
p harm aceutica l im portance g e n e r a lly  c o n s is t  o f a s o lu t e ,  u s u a lly  
o f  l im ite d  s o l u b i l i t y ,  d is s o lv e d  in  an e x c e ss  amount of s o lv e n t .
The s o lu t e ,  u s u a lly  a weak organ ic  a c id ic  or b a s ic  drug, i s  
p r e f e r e n t ia l ly  adsorbed a t  th e  in te r fa c e  w ith  th e  sorb en t \d iereas
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th e  aqueous so lv e n t  m o lecu les  tend n o t to  show a s ig n i f ic a n t  su r fa ce  
e x c e ss  c o n c e n tr a tio n . T h is type of so r p tio n  system  i s  re ferred  to  
a s  s o lu t e  a d so rp tio n  where th e  su r fa c e  a c t iv e  p r o p e r t ie s  of the  
s o lu t e  are o f d ir e c t  in t e r e s t .  While th e  im portance o f the  
in t e r a c t io n  o f  th e  s o lu t e  w ith  th e  so lv e n t  in  bulk  s o lu t io n  should  
n o t be overlook ed , th e  o v e r a l l  behaviour of d i lu t e  s o lu t io n  
a d so r p tio n  can be considered  analogous to  a d so rp tio n  frcm th e  gas 
p h a se . Indeed th e  developm ent of models of so r p tio n  from s o lu t io n  
w ere d erived  in  many c a se s  from th o se  i n i t i a l l y  a p p lied  to  gaseous 
s o r p t io n  system s.
1 .5 .1  The Measurement and R ep resen ta tio n  o f th e  S orp tion  P r o c e ss .
I f  a d i lu t e  s o lu t io n  i s  p laced  in  con tact w ith  a sorbent such 
t h a t  p r e fe r e n t ia l  s o r p t io n  of th e  s o lu te  o ccu rs , i t s  co n cen tra tio n  
in  s o lu t io n  w i l l  be reduced as  so r p tio n  p ro ceed s. The eq u ilib r iu m  
u p tak e , o r  in v a r ia n t  ad so rp tio n  (Radke and P rau sn itz  1972b), \diich  
i s  e q u iv a le n t  to  th e  su r fa c e  e x c e ss  of s o lu t e ,  can be determ ined by 
m easuring th e  c o n c e n tr a tio n  change of th e  s o lu t io n  and a p p lic a t io n  
o f  th e  co n se r v a tio n  o f mass eq u ation  (eq u a tio n  1 .1 ) .
S o rp tion  data i s  t y p ic a l ly  rep resen ted  u s in g  a d sorp tion  
iso th erm s which are a p lo t  o f eq u ilib r iu m  uptake as a fu n c tio n  o f  
e q u ilib r iu m  c o n c e n tr a tio n . The isotherm  r e p r e se n ts  th e so rp tio n  
eq u ilib r iu m  o f  the s o lu te  from a p a r t ic u la r  s o lv e n t  under s p e c if ie d  
p h y s ic a l  c o n d it io n s , and i s  independent o f th e  d im ensions o f th e  
ex p erim en ta l system  from which i t  i s  m easured.
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^  ^ ^ C  • • • • • • • • • • • • • ( 1 . 1 ) •
m
where n = eq u ilib r iu m  uptake per u n it  w eigh t o f s o l id  
V  = s o lu t io n  volume 
AC = th e  co n cen tra tio n  change per u n it  volume due to  
co n ta c t w ith  th e  sorbent  
m = th e  sorbent mass
1 .5 .2  C la s s i f ic a t io n  o f A dsorp tion  Iso th erm s.
The shape of th e  isotherm  i s  dependent upon th e  nature of th e  
s o lu t e ,  so lv e n t  and so rb en t. G ile s  (1960) reco g n ised  fou r types  
o f  isotherm  which showed c h a r a c t e r is t ic  shapes in  th e  i n i t i a l  
s lo p e  reg io n  which were d esign ated  H, L, S and C. These fou r main 
s u b -c la s s e s  were fu r th e r  subdivided  accord ing to  th e  v a r ia t io n  in  
s lo p e  a t  h ig h er  u p tak es. The G ile s  c l a s s i f i c a t i o n  i s  summarised 
in  f ig u r e  1 .8 .
1 .5 .2 .1  L Type Iso th erm s.
L isotherm s are c h a r a c te r ise d  by a s lo p e  vdiose grad ien t  
d e c r e a se s  as th e  co n cen tra tio n  o f s o lu te  in  th e  system  in c r e a se s ,  
in d ic a t in g  th a t  th e  number o f " s ite s "  a v a ila b le  fo r  so r p tio n  i s  
l im it e d .  T h is type of behaviour i s  c h a r a c t e r is t ic  of n o n -s p e c if ic  












EQUILIBRIUM CONCENTRATION OF SOLUTE
F igure I .8  The G ile s  C la s s i f ic a t io n  o f  S orp tion  Iso th erm s.
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The so r p t io n  o f weak organ ic  a c id s  and b a ses  from aqueous s o lu t io n s  
on to  a c t iv e  carbon g e n e r a lly  g iv e  r i s e  to  L typ e iso th erm s.
The fo llo w in g  drug s o lu te s  g iv e  L isotherm s fo r  so r p t io n  by a c t iv e  
carbon; ch lorphen iram ine m aleate  (Cooney 1 9 7 8 ), em etine , p ep sin  
(Cooney 1980) paracetam ol, a s p ir in ,  s a lic y la m id e  and phenyl­
propanolam ine (T suchiya and Levy 1972 ). Many o th er  s o lu te s  have 
a ls o  been shown to  g iv e  L isotherm s on a c t iv e  carbon in c lu d in g  
b en zo ic  acid  (K ip lin g  1972), phenol and 4 -n itr o p h e n o l (Jossens and 
P rau sn itz  1978 ), o th er  su b s titu te d  p h en o ls (C oughlin  and Ezra 1968) 
and sodium benzenesuIphonates (Weber and M orris 1964a).
A number o f th e o r e t ic a l  models have been developed  to  q u a n t ita t iv e ly  
d escr ib e  L type b eh av iou r. The e a r l i e s t  s tu d ie s  on a d sorp tion  from 
s o lu t io n s  were ca rr ied  out by F reund lich  who in v e s t ig a te d  th e  
in t e r a c t io n  of phenols and a l ip h a t ic  a c id s  w ith  a c t iv e  carbons from 
d i lu t e  aqueous s o lu t io n  (K ip lin g  1965). The isoth erm s a r is in g  fra n  
th e  so r p tio n  system  were L type in  n atu re and th e  isotherm  data  
w ere f i t t e d  to  an em p irica l lo g a r ith m ic  e x p r e ss io n  (eq u a tio n  1 .2 ) .
n ® a . C  ^^ ) . . . . . . . . . « . . . . . . . ( 1 . 2 ) .
eq
\d iere a = co n stan t
m = con sta n t (1 > m > 0)
n = eq u ilib r iu m  uptake per u n it  w eigh t of
sorbent
— I v
G = eq u ilib r iu m  c o n c e n tr a tio n  mois 1 )eq
oT his eq u ation  was found to  hold  fo r  sm all s o lu te  co n cen tra tio n  
ranges but does not account fo r  th e  p la tea u  which a r is e s  in  L 
type system s a t  h ig h er  c o n c e n tr a tio n  (L typ e  iso th erm s).
Langmuir developed a model fo r  a d so rp tio n  on to  sorb en t su r fa c e s  
from which th e fa m il ia r  Langmuir a d so rp tio n  isotherm  eq u ation  was 
d erived  (eq u a tio n  1 .3 ) .
n = n . b ' .  C  (1 .3 )— max------------- eq—
1 .0  + b '.Ceq
where n = eq u ilib r iu m  uptake per u n it  w eigh t of sorbent
C = eq u ilib r iu m  co n cen tra tio n  (M)eq
n = th e  v a lu e  of uptake a t  which s i t e  s a tu r a t io nmax
occurs (mol Kg ) 
b* = th e  Langmuir co n sta n t vh ich  i s  a fu n c tio n  o f
a d so rp tio n  energy
7
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The Langmuir model f o r  id e a l a d so rp tio n  makes th e  fo llo w in g  
assum ptions (Langmuir 1917).
1) The a d so rp tio n  su r fa c e  i s  two d im ensional and i s  composed of 
a "patchwork" o f e n e r g e t ic a l ly  homogeneous a d so rp tio n  s i t e s .
2) The energy o f a d so rp tio n  i s  u n a ffe c ted  by th e  e x te n t  of 
su r fa c e  coverage
3) A dsorp tion  i s  a dynamic p ro cess  where a t  eq u ilib r iu m , th e  
r a te  a t  which s o lu te  m o lecu les  a r r iv e  a t  and depart from 
th e  su r fa c e  i s  eq u a l.
4) L a tera l in t e r a c t io n  betw een adsorbed m olecu les occupying  
ad ja cen t a d so rp tio n  s i t e s  i s  n e g l ig ib le .
The Langmuir eq u a tio n  can be used to  f i t  L isotherm  data as th e  
fu n c t io n a l form of th e  r e la t io n s h ip  ta k es  in to  account th e  
p resen ce  o f th e  p la te a u .
The Langmuir model em phasises th e  s o lu t e  in te r a c t io n  but the  
so lv e n t  i s  n o t taken in to  c o n s id e r a t io n . An a lt e r n a t iv e  model fo r  
su r fa c e  a d so r p tio n  based on an id e a l adsorbed s o lu t io n  has been  
d evelop ed , \d iich  i s  re fe rred  to  as th e  "phase exchange" model 
(E v ere tt 1 9 6 4 ). T h is model was o r ig in a l ly  proposed to  account fo r  
th e  appearance o f maxima in  isotherm s when th e  in te r a c t io n  of th e  
s o lv e n t  w ith  th e  sorbent becomes s ig n i f ic a n t  in  more con cen trated  
s o lu t io n  sy stem s. I t  has been shown, however, th a t  t h i s  would a ls o  
d e sc r ib e  Langm uirian a d so rp tio n  behaviour as a s p e c ia l  l im it in g  
c a s e . (E v e r e tt  1 9 7 9 ). The phase exchange model assumes th a t  
s o lu t e  and s o lv e n t  m o lecu les  adsorb to g e th e r  to  g iv e  r i s e  to  an 
adsorbed id e a l s o lu t io n  which has a d if f e r e n t  com p osition  from th e  
bulk  aqueous s o lu t io n .  The eq u ilib r iu m  s t a t e  of th e  com p osition  
o f  each s o lu t io n  i s  g iv e n  by th e law of mass a c t io n  eq u ation  
(eq u a tio n  1 .4 ) .
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K = xfXi> .................................... . . ( 1 . 4 )
Xjxf
where K = the phase exchange e q u i l ib r iu m  c o n s ta n t
c l  • *Xi  = the s o l u t e  mole f r a c t i o n  in  the adsorbed
s o l u t i o n  phase  
x f  = the s o l v e n t  mole f r a c t i o n  in  the adsorbed
s o l u t i o n  phase  
XjL = the bu lk  phase mole f r a c t i o n  o f  s o l u t e
X2  = th e  bu lk  phase mole f r a c t i o n  o f  s o lv e n t
For d i l u t e  s o l u t i o n  a d s o r p t io n ,  the v a lu e  o f  K i s  h ig h  i n d i c a t i n g  
th a t  p r e f e r e n t i a l  s o r p t io n  o f  the s o l u t e  tak es  p l a c e ,  w ith  the  
consequent  d isp la c e m e n t  o f  s o l v e n t  to en su re  th a t  e q u a t io n  1 .4  
i s  s a t i s f i e d .  The r e l a t i o n s h i p  in  e q u a t io n  1 .4  i s  used to  d e r iv e  
an e x p r e s s io n  which has a g e n e r a l  Langmuirian form (e q u a t io n  1 . 5 ) .
n = n * .X i .X 2 (K -l)   ( 1 .5 )
1 .0  + (K - l)X i
where n = e q u i l ib r iu m  uptake p er  u n i t  w e ig h t  o f
— 2
so r b e n t  mol kg 
11  ^ = the t o t a l  number o f  s o l u t e  and s o l v e n t  
m o le c u le s  adsorbed per  u n i t  w e ig h t  o f  
s o r b e n t .
In the  s p e c i a l  c a se  o f  d i l u t e  s o l u t i o n  a d s o r p t io n
(K-1) =  K  (1 .5 a )
X2  = 1 . 0   ; . . ( 1 . 5 b )
n^ — the number o f  s o l u t e  m o le c u le s  adsorbed ............ ( 1 .5 c )
Xi =  the  molar c o n c e n tr a t io n  o f  s o l u t e  ...........................( 1 .5 d )
o 0
Comparison o f eq u ation s 1 .4  and 1 .5  show th a t th e  two d if f e r e n t  
m odels g iv e  r i s e  to  s im ila r  a d so rp tio n  isotherm  eq u a tio n s .
The e s s e n t ia l  fe a tu r e s  of the m athem atical c h a r a c t e r is t ic s  of the  
Langmuir and F reun d lich  eq u ation s have been d iscu sse d  w ith  re sp e c t  
to  th e ir  s u i t a b i l i t y  to  d escr ib e  L type behaviour (F rangiskos e t  a l  
1 9 6 1 ). The F reund lich  eq u ation  does n o t account fo r  p la tea u  
form ation  and th e  s lo p e  a t th e  o r ig in  i s  i n f i n i t e ,  w hereas, th e  
Langmuir eq u ation  w i l l  d escr ib e  a p la tea u  uptake th e  v a lu e  of 
which i s  r e la te d  to  th e i n i t i a l  s lo p e .  F rangiskos con sid ered  th a t  
a more s a t is f a c t o r y  f i t t i n g  o f experim ental data  could  be ob tained  
u sin g  a th ree  co n sta n t m odel. A recen t study fo r  th e  so r p tio n  o f  
sim p le organ ic  m o lecu les  w ith  a c t iv e  carbon has led  to  the  
developm ent o f a p o t e n t ia l ly  u s e f u l ,  th ree  co n sta n t model (Radke 
and P ran sn itz  19 7 2 a ). I f  so r p tio n  i s  assumed to  take p la ce  on a 
Langmurian su r fa c e , a t  low co n cen tra tio n  th e  number o f a v a ila b le  
s i t e s  g r e a t ly  exceed s th e number of s o lu te  m o le c u le s . In t h is  
s i t u a t io n  Henry’ s law i s  obeyed and th e  e x te n t  o f so r p tio n  i s  a 
l in e a r  fu n c tio n  o f the a c t iv i t y  of th e  s o lu te  in  th e bulk s o lu t io n .
At a h igh er  degree o f occu p ation  th e s lo p e  o f th e  isotherm  s t a r t s  
to  d ecrease  as p a r t ia l  s i t e  l im ita t io n  a r i s e s  and an L  ^ isotherm  
r e s u l t s  which can be f i t t e d  by th e  F reund lich  e x p r e ss io n , g iv en  in  
eq u ation  1 .2 .  As th e e x te n t  o f uptake approaches the l im it  of 
so r p t io n  c a p a c ity , a f u l l y  developed  L  ^ iso therm  a r is e s  
c h a r a c te r ise d  by a p la te a u . Radke proposed a sem i-em p ir ica l eq u a tio n  
(eq u a tio n  1 .6 )  w hich i s  capab le o f d e sc r ib in g  a l l  ty p es  o f L 
iso th erm  b eh av iou r.
n01  (1 .6)
1 +Û(.c 
1 0 " —
where n = eq u ilib r iu m  uptake per u n it  w eigh t  
o f  sorbent 
= eq u ilib r iu m  co n cen tra tio n  (M)
and are co n sta n ts
At low c o n c e n tr a tio n , eq u ation  1 ,6  reduces to  a sta tem en t o f  
Henry’ s Law where uptake i s  s o le ly  a fu n c tio n  o f  the bulk  s o lu t io n  
co n cen tra tio n  and a d is t r ib u t io n  co n sta n t
l i m n  = (X  .C  (1 .6 a )eq
C — 0 eq
At h igh er co n c e n tr a tio n , eq u ation  1 .6  tak es th e form o f  the  
F reun d lich  eq u ation  which i s  s im ila r  to  eq u ation  1 .2
n =  (1 .6 b )
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In  th e  s p e c ia l  c a se  where = 0 an eq u a tio n  o f th e  Langmuir ty p e , 
e q u iv a le n t to  equations 1 .3  and 1 .5  a r i s e s .
04. C  (1 .6 c )
  eg--"------
.1 .0  +CX.C IQ  
eq
The m ost w id ely  used isotherm  eq u ation s in  th e l i t e r a t u r e  appear 
to  be th e  Langmuir and F reundlich  eq u a tio n s . The Radke eq u ation  
seem s, however, to  be o f u se  fo r  th e  o v e r a l l  d e s c r ip t io n  o f  
g e n e r a lise d  L type isotherm  b eh av iou r.
1 .5 .2 . 2 .  H Type Isoth erm s.
The H isotherm  i s  a s p e c ia l  ca se  of L type behaviour  
c h a r a c te r is t ic  of so rb en ts  which have a h igh  a f f i n i t y  fo r  th e  s o lu t e .
At low co n c e n tr a tio n , th e  s o lu te  i s  e f f e c t i v e l y  removed from 
s o lu t io n  w ith  th e r e s u lt  th a t  th e  isotherm  appears to  o r ig in a te  from 
th e  uptake a x is .  The so r p tio n  of promazine on a c t iv e  carbon from 
w ater has been shown to  be of the H ty p e . (Sorby e t  a l  1 9 66 ). H 
iso therm s a lso  a r i s e  due to  th e s tron g  charge tr a n s fe r  in te r a t io n s  
t y p ic a l ly  occu rin g  in  th e  s o r p t io n  o f io n s  by io n  exchange r e s in s  
(G ile s  1 9 6 0 ).
1 .5 .2 .3  S Type Iso th erm s.
The S isotherm  i s  ch a r a c te r ise d  by an apparent in c r e a se  in  
th e  number of a v a ila b le  a d so rp tio n  s i t e s  w ith  in c r e a s in g  su r fa c e  
o ccu p a tio n . In many c a se s  th e  S isotherm  in d ic a te s  th a t  a
o3
" co -o p era tiv e  adsorption"  mechanism i s  op era tin g  where s o lu te  
m olecu les  are adsorbed in  rows or c lu s t e r s  in  an edge-on  
o r ie n ta t io n .
T h is type of so r p tio n  behaviour i s  t y p ic a l ly  shown by m onofunctional 
am p h ip h ilic  s o lu te s  adsorbing on to  m etal o x id e  so rb en ts  (G ile s  e t  
a l 1974) a l th o u ^  th e  so r p tio n  of ca p ro ic  acid  by a c t iv e  carbon 
a ls o  g iv e s  r i s e  to  S type behaviour (M eier e t  a l 1 972 )« The 
c o -o p e r a tiv e  a d sorp tion  mechanism i s  i l lu s t r a t e d  sc h e m a tic a lly  
in  f ig u r e  1 .9 .
F igure 1 .9  Schem atic R ep resen ta tio n  o f  C o-op era tive  A dsorp tion .
The m onofunctional arqphiphilic s o lu te  can bind in  an uprigh t  
o r ie n ta t io n  a s  th e  so lvop h ob ic  m oeity a s s o c ia t e s  w ith  th e su r fa c e  
w h ile  th e  s o lv o p h i l ic  m oeity remains so lv a te d  by th e  bulk  s o lu t io n .
I f  a la t e r a l  p h y s ic a l or s t e r i c  in t e r a c t io n  can take p la c e  
betw een ad jacen t m o lec u les  in  th e  adsorbed p h ase , th e  s o lu te  
m olecu le a t  p o s i t io n  A in  f ig u r e  1 .9  w i l l  be s t a b i l i s e d  a t  the  
su r fa c e  to  a g r e a te r  e x te n t than th e  s o lu t e  m olecu le  a t  p o s i t io n  B.
As an in c r e a s in g  degree of s i t e  o ccu p ation  g iv e s  r i s e  to  a consequent
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in c r e a se  in  s t a b i l i s a t io n ,  an S isotherm  would be expected  to  
a r i s e  in  t h i s  c a s e . S iso th erm s are a ls o  shown in  system s \diere  
th e  so lv e n t or tr a c e  contam inants adsorb in  p re fer en ce  to  th e  
s o lu te  (G ile s  e t  a l 1974).
Fundamental s tu d ie s  in to  the so r p t io n  of 4 -n itro p h en o l on to  
s i l i c a  d u st in d ic a te s  th a t  Lg isotherm s a r i s e  from so r p tio n  from 
benzene. The S iso th erm s occur when tr a c e  q u a n t it ie s  of w ater  
a re  p resen t in  th e  benzene and uptake i s  com p lete ly  a b o lish ed  when 
w ater r ^ l a c e s  benzene as th e  s o lv e n t .
A lt ho u ^  e f f e c t i v e ly  tak in g  p la c e  on a Langmuirian su r fa c e ,  
th e  la t e r a l  in t e r a c t io n  i s  in c o n s is te n t  w ith  th e  Langmuir m odel, 
th e r e fo r e , S type behaviour i s  not rep resen ted  by eq u a tio n  1 .3  
o r i t s  a s so c ia te d  fu n c t io n a l r e la t io n s h ip s .
1 . 5 .2 .4 .  C Type Isoth erm s.
The C isotherm  i s  l in e a r  and i s  t y p ic a l ly  shown in  so r p tio n  
system s where th e s o lu t e  i s  capable of p e n tr a tin g  th e  so rb en t. T h is  
type of isotherm  i s  t y p ic a l ly  found where polym eric sorb en ts are  u sed .
The so r p tio n  o f a group o f p a r a su b stitu te d  b en zo ic  acid  and 
e th y lb en zo a te  d e r iv a t iv e s  show C typ e behaviour when sorbed by 
n ylon  6 (R ichardson 1973) and th e  so r p tio n  o f e th y l 4-am inobenzoate  
by nylons 6 , 11 and 12 s im ila r ly  g iv e s  r i s e  to  t h i s  type of isotherm  
(Ho 1977 ).
C i s o  th em  b ehaviour has been th e  su b je c t  of a review  vdiere 
th r e e  p o s s ib le  so r p tio n  mechanisms have been d iscu sse d  (G ile s  e t  a l  
19 6 4 ). F ir s t ly  th e  polym eric sorbent may be con sid ered  to  behave as 
a "supercooled" liq u id  in to  which th e  s o lu te  p a r t it io n s  (R ichardson  
19 7 3 ). S orp tion , in  t h is  c a se , co n tin u es  u n t i l  th e  p la s t i c  m atrix  
becomes sa tu ra ted  whereupon so r p tio n  c e a se s  ab ru p tly  s ig n if ie d  by
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th e  appearance o f a p la te a u . The su b c la s s  o f C type isotherm  
behaviour w here a p la tea u  a r i s e s  i s  re ferred  to  as type  
b eh av iou r. A lte r n a t iv e ly ,  in te r a c t io n s  showing l in e a r  isotherm s  
are  con sid ered  as  b ein g  in  an ea r ly  s ta g e  of L type behaviour  
where Henry’ s  Law i s  obeyed. In  t h i s  c a s e , l im it a t io n  o f l in e a r  
behaviour w ould appear a s  a gradual change from a C to  L type  
isotherm  and an abrupt c e s s a t io n  o f so r p tio n  a sso c ia te d  w ith  th e  
appearance o f a p la tea u  would not o ccu r . A fu r th e r  approach 
su ggested  by G i le s ,  in v o lv e s  a mechanism of s o lu te  induced m atrix  
d is r u p t io n . S o lu te  m o lecu les  d ise n ta n g le  th e  polymer chains a s  
so r p t io n  proceeds r e s u lt in g  in  th e exposure of a g r e a t ly  in creased  
number of s o r p t io n  s i t e s  \Aiich w i l l  alw ays exceed th e  number o f  
rem aining s o lu t e  m o lecu les  a ttem p tin g  to  in t e r a c t .  T h is model 
may account fo r  th e  o b serv a tio n  th a t  c e r ta in  s o lu te s  such as phenol 
w i l l  p l a s t i c i z e  or d is s o lv e  nylon  6 (A utian  1963). A s p e c ia l  
l im it in g  ca se  would r e s u lt  in  t h i s  in s ta n c e  i f  th e s o lu te  i s  
capable of i n f l i c t i n g  g ro ss  damage on the polymer m a tr ix . T h is  
s p e c ia l  ca se  o f C typ e beh av iou r, g iv in g  r i s e  to  a Z isotherm  
( f ig u r e  1 .1 0 )  has been observed fo r  th e  n on -eq u ilib rium  so r p tio n  
o f  4 -n itro p h en o l on to  c e l lu lo s e  from an organ ic  so lv e n t  (G ile s  
and T o lia  1 9 64 ).
E q u ilibrium
Uptake
E quilibrium  C oncentration  
F igure 1 .1 0 . Schem atic R ep resen ta tio n  o f  th e  Z Type Isotherm .
oThe s o lu te  p e n e tr a te s  the sorbent by a p ro cess  of c o n tr o lle d  
d isen tan g lem en t, g iv in g  r i s e  to  a C isotherm  u n t i l  a c e r ta in  
c r i t i c a l  uptake i s  reached whereupon g r o ss  damage to  th e polymer 
s tr u c tu r e  tak es p la c e . T h is r e s u l t s  in  a la r g e  in c r e a se  in  
s o r p t io n , in d ic a te d  by l e t t e r  A in  f ig u r e  1 .1 0 , due to  the  
in stan tan eou s exposure of many more s i t e s  which are capable of 
in te r a c t in g  w ith  th e  s o lu t e .
The g ra d ien t of the iso th erm , or K v a lu e , d e f in e s  th e p o s it io n  
o f  th e  eq u ilib r iu m  fo r  C type behaviour a s  th e ex ten t of iq>take 
o f  th e  s o lu te  i s  d ir e c t ly  p rop ortio n a l to  th e  eq u ilib r iu m  
c o n c e n tr a tio n  of drug in  s o lu t io n ,  th a t  i s
(1 .7 )
Ceq
where n = eq u ilib r iu m  uptake per u n it  w eigh t of
sorbent
C = eq u ilib r iu m  c o n cen tra tio n  (M)
eq
K = th e  so r p tio n  or a f f in i t y  co n sta n t
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11 .5 .3  F actors A ffe c t in g  th e E quilibrium  S o rp tio n  o f S o lu te s  
from S o lu t io n .
The p o s i t io n  of th e  eq u ilib r iu m  i n  an ad so rp tio n  p r o c e ss  w i l l  
depend upon th e  r e la t iv e  a f f in i t y  of th e  s o lu t e  fo r  th e  sorb en t and 
th e  s o lv e n t .  The eq u ilib r iu m  w i l l ,  th e r e fo r e , change as a r e s u lt  
o f  a l t e r a t io n  in  th e  n atu re o f th e  s o lu t e ,  sorb en t or s o lv e n t  or 
p h ysicoch em ica l changes l i k e ly  to  a l t e r  e i t h e r  th e  s o lu t e - s o lv e n t  
o r th e  so lu te -so r b e n t  in te r a c t io n  or b o th .
1 .5 .3 .1  The Morphology and Chemical N ature o f the Sorbent.
The s tr u c tu r e  of th e  sorbent w i l l  in f lu e n c e  th e  tendency o f  a 
g iv e n  s o lu te  to  a s s o c ia t e  w ith  or d i f f u s e  w ith in  i t s e l f .  In  
a d d it io n  to  s tr u c tu r a l c o n s id e r a t io n s , c e r ta in  chem ical groupings  
p resen t in  th e  sorbent may a ct as s p e c i f i c  s i t e s  on to  which s o lu te  
m olecu les  may b in d .
1 .5 .3 .1 .1  A ctiv e  Carbon
The s o r p t io n  c h a r a c te r is t ic s  of a c t iv e  carbon are  determ ined by 
th e  a c t iv a t io n  p r o c e ss  vAiich produces th e  pore s tr u c tu r e  and n a tu re  
o f  th e  s u r fa c e . The in f lu e n c e  of pore s tr u c tu r e  on th e  so r p t io n  o f  
a c e t ic  and v a le r ic  acid  has been in v e s t ig a te d  u s in g  a range of 
a c t iv e  carbon gran u les ^ i c h  were a c t iv a te d  over p er iod s of one to  
e ig h t  days (Lemieux and M orrison 1947 ). The su r fa c e  area determ ined  
from th e  s o r p t io n  of a c e t ic  acid  was 60% g r e a te r  than th a t determ ined  
by v a le r ic  acid  a f t e r  one day of a c t iv a t io n ,  \d iereas a f t e r  e ig h t  
days on ly  a 9% d if f e r e n c e  in  area  was apparent. I t  was su ggested  
th a t  th e  pore s tr u c tu r e  was l e s s  a c c e s s ib le  to  th e  la r g e r  v a le r ic  
a cid  m o lecu le , i n i t i a l l y ,  due to  a m olecu lar s ie v e  e f f e c t  vAiich was 
a b o lish ed  a s  th e  pore s tr u c tu r e  was en larged  and c o n so lid a te d  a f t e r  
prolonged a c t iv a t io n .
The carbon su rfa ce  i s  composed o f carbon atoms arranged in  
tu r b o s tr a t ic  co n fig u r a tio n  m od ified  in  p la c e s  by chem isorbed oxygen.
From so r p t io n  s tu d ie s  ca rr ied  out in to  th e e f f e c t  o f a c t iv a t io n  
on th e  uptake of in o rg a n ic  b ases i t  was concluded th a t two typ es o f  
carbon su r fa c e  can a r i s e ,  (Steenberg 1 9 4 4 ). Carbons a c t iv a te d  a t low  
tem perature (L carbons) were shown to  adsorb in o rg a n ic  b a se s , td iereas, 
th o se  a c t iv a te d  a t h ig h er  tem peratures (H carbons) did n o t . Further  
s tu d ie s  in to  the uptake o f organ ic  s o lu te s  from organ ic s o lv e n ts  by 
H and L carbons have shown th a t  s e l e c t i v i t y  may occur as a r e s u lt  of 
d if f e r e n t  a c t iv a t io n  tem p eratu res. L carbons appeared to  p r e f e r e n t ia l ly  
adsorb p o la r  s o lu te s  from organ ic  so lv e n ts  (B a r te l1 and Lloyd 1938) 
w hereas H carbon p r e f e r e n t ia l ly  adsorb non p o la r  s p e c ie s  (K ip lin g  
1 9 5 6 ). In c o n tr a s t  to  th e se  f in d in g s , so r p tio n  s tu d ie s  u sin g  f a t t y  
a c id  s o lu t e s  from aqueous s o lu t io n  rev ea led  th a t th e uptake 
c h a r a c t e r is t ic s  were independent o f th e  chem ical nature o f the  
su r fa c e  and depended on ly  upon th e  a v a ila b le  su r fa ce  area (Linner 
and W illiam s 1 9 5 0 ).
1 .5 .3 .1 .2  Nylon 6
P relim in ary  s tu d ie s  ca rr ied  out in to  th e in te r a c t io n  o f drug 
s o lu t e s  w ith  polymers commonly used in  Pharmacy and M edicine 
dem onstrated th a t th e  p resen ce  of s p e c i f i c  chem ical groups in  the  
m atrix  was e s s e n t ia l  fo r  th e  b in d in g  o f b en zo ic  ac id  d e r iv a t iv e s  
which were sorbed by ny lon s but not p o ly e th y le n e  or p o ly sty ren e  (Kim 
and A utian  1 9 6 0 ). The r o le  o f th e amide group was fu r th er  emphasised  
where in v e s t ig a t io n s  in to  th e  so r p tio n  o f e th y l 4-am inobenzoate by 
v a r io u s  nylons in d ica te d  th a t th e  K v a lu e  was c o r r e la te d  w ith  the  
amide frequency (R ichardson 1 9 7 3 ). The amide frequency d e sc r ib e s  th e  
r e l a t iv e  p rop ortion  o f amide groups to  m ethylene groups in  th e  m atr ix .
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The h y d r o p h ilic  ny lon  6 m atrix  p o s se s s e s  th ree  amide groups per  
22 ch a in  carbon atoms as does the copolym er nylon  6 :6 .  The more 
hydrophobic nylons 11 and 12, however, p o sse s s  th ree  amide groups per  
32 and 34 ch a in  carbon atoms r e s p e c t iv e ly .  The so r p tio n  o f w ater by 
n y lo n  polym ers has a ls o  been shown to  c o r r e la te  w ith  amide frequency  
(P u ffr  and Sebenda 1 9 6 7 ). The e f f e c t  o f changes in  amide frequency  
has been su ggested  to  a f f e c t  so r p tio n  e i th e r  by a m o d if ic a tio n  o f th e  
abundance of b in d in g  s i t e s  or by an in d ir e c t  e f f e c t  whereby th e  
e x te n t  o f m atrix  s w e ll in g ,  brought about by h y d r a t io n ,is  m od ified  
(R ichardson 1973).
F urther ev id en ce  fo r  th e  h y p o th e s is  th a t m atrix  sw e llin g  i s
in v o lv e d  in  th e so r p tio n  p ro cess  has been ob tained  from thermodynamic
s tu d ie s  o f th e in te r a c t io n  o f e th y l 4-am inobenzoate w ith  nylons 6 , 11
and 12 . Van’ t  H off p lo t s  fo r  th e  so r p tio n  p rocess  show p o in ts  o f
, ..o o o
in f le x io n  a t  45 , 42 and 42 fo r  nylons 6 , 11 and 12 r e s p e c t iv e ly
which have been a t tr ib u te d  to  the e f f e c t  o f secondary standard phase
changes on so r p tio n  (Ho 1 9 7 7 ). Comparison w ith  th e phase t r a n s it io n  
determ ined from d if f e r e n t ia ls c a n n in g  ca lo r im etry  (Lord 1974) r e v e a ls  
th a t  th e  nylon  6 t r a n s i t io n  tem perature a t  61° i s  in c o n s is t e n t  w ith  
th e  so r p tio n  s tu d ie s ,  however, c lo s e  agreement occurs w ith  nylons  
11 and 12 w ith  t r a n s it io n  tem peratures o f 4 0 ° . The d if fe r e n c e  in  
th e  t r a n s it io n  tem perature fo r  nylon  6 measured by th e  two tech n iq u es  
s u g g e s ts  th a t  i t s  m atrix may be hydrated and th e r e fo r e  p la s t ic i z e d  to  
a g r e a te r  e x te n t  th a t th e r e l a t iv e l y  more hydrophobic nylons 11 and 
12. The so r p tio n  of e th y l 4-am inobenzoate by nylon  6 powder and f i lm  
h as a ls o  been shown to  be d i f f e r e n t  (R ichardson 1973) which has been  
a t tr ib u te d  to  a d is s im ila r  c r y s t a l l i n i t y  in  th e  two m a tr ic e s .
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1 .5 .3 .2 .  The Nature of th e  A dsorbate.
The nature o f th e  s o lu te  has an e f f e c t  both on th e  s o lu t e -  
so lv e n t  and s o lu te -so r b e n t  in t e r a c t io n s .  In gen era l a s o lu te  i s  
adsorbed to  a g rea te r  e x te n t  from a "poor" so lv e n t  than a "good" 
on e, th e r e fo r e , any a lt e r a t io n  in  s u b s t itu e n ts  fo r  a g iv en  c la s s  o f  
chem ical compounds which r e s u l t s  in  a r ed u ctio n  in  s o lu b i l i t y  w i l l  
su b seq u en tly  enhance th e e x te n t  o f uptake and v ic e  v e r s a . I f  a 
s p e c i f i c  in te r a c t io n  occurs between a p a r t ic u la r  chem ical compound 
and ad sorp tion  s i t e s  on th e sorb en t s u r fa c e , s u b s t i tu t io n  o f the  
s o lu t e  m olecu le may a l t e r  th e  nature o f the so lu te -s o r b e n t  bond 
or a s s o c ia t io n  w ith  a r e s u lta n t  change in  th e  o v e r a l l  so r p tio n  
p r o c e s s . The e f f e c t  of s u b s t itu t io n  may a ls o  a f f e c t  both  the  
s o lu te - s o lv e n t  and so lu te -so r b e n t  in t e r a c t io n s .
1 . 5 .3 .2 .1 .  A ctiv e  Carbon
The s t r u c t u r e - a c t iv i t y  r e la t io n s h ip s  governing th e  so rp tio n  
o f  organ ic s o lu te s  by a c t iv e  carbon from aqueous s o lu t io n  have been  
th e  su b je c t of se v e r a l recen t s t u d ie s .  The uptake o f f a t t y  a c id s  
by a c t iv e  carbon has been shown to  in c r e a se  w ith  the m ethylene chain  
le n g th  in  a homologous s e r ie s  (Adamson 19 6 7 ). This type of behaviour  
i s  sa id  to  obey Traube's r u le  which s t a t e s  th a t "the ad sorp tion  of 
organ ic  s o lu te s  from aqueous s o lu t io n  in c r e a se s  s tr o n g ly  and r e g u la r ly  
as a homologous s e r ie s  i s  ascended". I f  th e  isotherm  o f  members o f  
th e  homologous s e r ie s  are p lo t te d  as eq u ilib r iu m  uptake versu s  
reduced c o n cen tra tio n , th e  r e s u lt in g  p r o f i l e s  have been shown to  
superim pose (Hansen and Craig 1 9 5 4 ). Reduced co n cen tra tio n  i s  d efin ed  
as the s o lu te  co n cen tra tio n  d iv id ed  by the sa tu r a t io n  s o lu b i l i t y  a t  
th e  tem perature of the isotherm  d eterm in a tio n . I t  has fu r th er  been
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su ggested  th a t i f  th e  reduced co n cen tra tio n  p r o f i l e s  superim pose 
th e  in t e n s it y  of the so lu te -so r b e n t  in te r a c t io n  fo r  each member o f  
th e  s e r ie s  i s  id e n t ic a l  (Lemieux and M orrison 1947). More recen t  
s tu d ie s  have in d ic a te d  th a t th e gen era l so r p tio n  s o lu b i l i t y  h y p o th e s is  
im p lied  by th e  use o f T raube's ru le  does not hold  in  a l l  ca se s  o f  
s u b s t i t u t io n .  The p r in c ip le s  of T raube's ru le  could  be a p p lied  to  
th e  so r p tio n  o f 3 -s u b s t itu te d  b en zo ic  a c id  d e r iv a t iv e s  by a c t iv e  
carbon, but not a 2 - s u b s t itu te d  s e r ie s  (Komori and Urano 1 9 7 4 ),
I t  was su ggested  th a t complex e le c t r o n ic  e f f e c t s  a s so c ia te d  w ith  
orth o  s u b s t itu t io n  r e s u lte d  in  th e  apparent n o n -id ea l behaviour  
w ith  re sp ec t to  T raube's r u le ,  and th a t in s te a d , s u b s t i tu t io n  m od ified  
a s p e c i f i c  in te r a c t io n  between the sorbent and the arom atic  
e le c tr o n  r in g  of th e s o lu t e .  The e f f e c t  o f s u b s t itu t io n  on s p e c i f i c  
so lu te -s o r b e n t  bonding has a ls o  been in v e s t ig a te d  by comparing 
th e  in fr a -r e d  spectrum of s o lu te  m o lecu les in  th e f r e e  and adsorbed  
s t a t e  (M attson & Mark 1 9 71). C on sid eration  o f the spectrum  in d ic a te s  
th a t  the fu n c t io n a l group s u b s t itu e n ts  of bound p h en o lic  d e r iv a t iv e s  
were unperturbed su g g estin g  th a t th e so lu te -so r b e n t  bond p r im a r ily  
in v o lv e d  the 7T e le c tr o n  cloud  o f the s o lu te  confirm ing the r e s u l t  o f  
Komori. The e f f e c t  o f s u b s t itu t io n  in  t h i s  case  was tw o fo ld , f i r s t l y  
m odify ing  s o lu b i l i t y  and seco n d ly , m odifying the s o lu te -s o r b e n t  
in t e r a c t io n  e i th e r  by enhancing or d e p le t in g  th e arom atic 7T cloud  
e le c tr o n  d e n s ity .
1 . 5 .3 . 2 .2 .  Nylon 6 .
The e f f e c t  of s o lu te  s tr u c tu r e  on th e so r p tio n  o f ch em ica lly  
r e la te d  compounds by nylons 6 and 6:6 has been the su b je c t  o f 
e x te n s iv e  s tu d y . A lin e a r  r e la t io n s h ip  between th e logarithm  o f th e
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K v a lu e  of a s e r ie s  of carbam ate, a c e ta n i l id e  and a n i l in e  
d e r iv a t iv e s  and th e  logarithm  of t h e ir  aqueous s o lu b i l i t y  has been  
e s ta b lis h e d  fo r  so r p tio n  on to  n ylon  6:6 (Ward and Upchurch 1965).
A s im ila r  study u sin g  polyam ide th in  la y e r  chromotography confirm ed  
t h i s  r e s u l t ,  where a l in e a r  r e la t io n s h ip  was observed u s in g  R and
I
R v a lu e s  fo r  s t r u c tu r a lly  r e la te d  p h en o lic  d e r iv a t iv e s  in  p la c e  of 
m
th e  so r p tio n  K v a lu e  (Bark and Graham 1967). An in v e s t ig a t io n  in to  
th e  s o lu b i l i t y  dependence o f th e  K v a lu e s  fo r  a s e r ie s  o f 4 -  
s u b s t itu te d  b en zo ic  acid  d e r iv a t iv e s  on n y lon  6 dem onstrated th a t  
c e r ta in  compounds do not conform to  th e  gen era l p r e d ic t io n  o f iq>take 
based on s o lu b i l i t y  co n s id e r a tio n s  (R ichardson 1973 ). S u b s t itu t io n  
o f  b en zo ic  acid  by methoxy, n i t r o ,  f lu o r o , bromo, a c e t y l  and cyano 
groups confirm ed th a t  as s o lu b i l i t y  d e c r e a se s , th e  so r p t io n  con stan t  
in c r e a s e s  and th a t  the logarithm s o f s o lu b i l i t y  and th e  K v a lu e  are  
l in e a r ly  r e la t e d .  The 4 -c h lo r o  and hydroxy d e r iv a t iv e s  and b en zo ic  
a c id  i t s e l f  f e l l  above th e  id e a l l i n e  in d ic a t in g  th a t  t h e ir  uptake 
was h ig h er  than would be p red ic ted  from s o lu b i l i t y  c o n s id e r a t io n s .
I t  was su ggested  th a t  c e r ta in  fu n c tio n a l groiq>s, such as th e  p h e n o lic -  
OH group, may co n fer  on th e  s o lu te  the a b i l i t y  to  form s p e c i f i c  
bonds w ith  n y lon , whereas s o lu te s  n ot p o s se s s in g  t h i s  type of 
fu n c t io n a l group sim ply a s s o c ia t e  n o n - s p e c i f ic a l ly  by Van-der-W aals' 
f o r c e s .  Further ev id en ce  fo r  th e  e x is t e n c e  o f s p e c i f i c  hydrogen  
bond has been ob tained  by s u b s t itu t in g  bulky fu n c tio n a l groups in to  
th e  phenol nucleus in  th e  2 and 5 p o s it io n s  (Bark and Graham 1967 
Kim and A utian  1960 ). S u b s t itu t io n  in  th e se  p o s it io n s  led  to  a 
re d u c tio n  in  the s o r p t io n  of p h en o lic  d e r iv a t iv e s  in d ic a t in g  th a t  
th e  form ation  of a s p e c i f i c  bond betw een  th e  amide lin k a g e  and 
p h e n o lic  group cou ld  be prevented  by s t e r i c  h in d era n ce .
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1 .5 .3 .3 .  pH.
The so r p tio n  of w ak  a c id s  and b a ses  by n o n - io n ic  sorbent 
m a te r ia ls  i s  g e n e r a lly  dependent upon th e  r e la t iv e  c o n c e n tr a tio n  o f  
s o lu t e  in  the io n ise d  and u n ion ised  form s. The r e la t iv e  s p e c ie s  
co n cen tra tio n  i s  r e la te d  to  th e  pH of th e  s o lu t io n  and pK  ^ of the  
s o lu t e  ( fo r  a monoacid or monobasic s p e c ie s )  by th e  Henderson -  
H asse lb a lch  eq u ation  (eq u a tio n  1 .8 )  shown below fo r  a weak a c id .
pH = pk^ + lo g  [ s a l t ]  + lo g  y  ............................( 1 .8 )
[a c id ]
where "îT = the a c t iv i t y  c o e f f i c i e n t .
I f  th e  ex ten t of so r p tio n  i s  dependent iq>on th e  s t a t e  o f io n is a t io n
o f  th e  s o lu te  eq u ation  1 .8  would in d ic a te  th a t  th e v a r ia t io n  w i l l
occur w ith in  th e  l im it  of th e  s o lu te  pK^±2 pH u n it s .  G en era lly  
so r p tio n  tends to  in c r e a se  as th e  c o n c e n tr a tio n  o f th e  s o lu t e  in  th e  
u n io n ised  form in c r e a se s .
1 .5 .3 .3 .1  A ctiv e  Carbon
The so r p tio n  o f 3 -d od ecy lb en zen esu lp h on ate  by a c t iv e  carbon  
has been shown to  in c r e a se  below pH 4 (Weber and M orris 1964b). 
Organic arom atic su lp h on ates are stron g  a c id s  and as such io n is a t io n  
o f  th e  s o lu te  i s  u n lik e ly  to  a f f e c t  th e  e x te n t of s o r p t io n . In s te a d ,
i t  was su ggested  th a t  charge n e u tr a l is a t io n  of io n is a b le  fu n c t io n a l
groups on th e  sorbent su r fa ce  accounted fo r  in crea sed  so r p t io n  by 
th e  carbon. An in v e s t ig a t io n  o f the e f f e c t  of pH on th e s o r p t io n  
o f  3 ,6 -d ich lo ro -2 -m eth o x y b en zo ic  acid  has shown th a t  th e  e x te n t  of 
uptake i s  p rop o rtio n a l to  th e  c o n cen tra tio n  o f th e  u n io n ised  form o f  
th e  s o lu t e .  The s o r p t io n  p r o f i l e  fo r  t h i s  system  ( f ig u r e  1 .1 1 ) a ls o  
shows th a t s ig n i f ic a n t  a d sorp tion  o f the io n is e d  s p e c ie s  ta k es p la c e  
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F igure 1.11 pH P r o f i le  fo r  th e S orp tion  o f  
3 ,6 -d ich loro-2-m eC h oxybenzoic  a c id  on A ctiv e  
Carbon.
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1 .5 .3 .3 .2  Nylon 6.
The e f f e c t  o f pH on the so rp tio n  o f  io n is a b le  s o lu te s  by n y lon s  
have been dem onstrated u sin g  e th y l 4-am inobenzoate and nylon  6 
(R ichardson 1973, Ho 1977) and s a l i c y l i c  a c id  and n ylon  6:6  {Kapadia 
e t  a l  1 9 64 ). The so rp tio n  o f e th y l 4-am inobenzoate was a t a maximum 
v a lu e  when th e  s o lu te  was f u l l y  u n io n ised  and was h a lf  t h is  maximum 
v a lu e  a t  a pH corresponding to  the pK^. There was no apparent 
so r p tio n  when the s o lu te  was f u l l y  io n is e d  in d ic a t in g  th a t the s o lu te  
cannot in te r a c t  w ith  the nylon  sorbent in  a f u l l y  io n is e d  s t a t e .  The 
p H -sorp tion  p r o f i l e  ob ta in ed  from t h is  stu d y  i s  shown in  f ig u r e  1 .1 2 .
•H
4J
Mole Per Cent Free  
E th y l 4-am inobenzoate




F igure 1 .1 2  pH P r o f i le  fo r  the Sorption  o f  E thyl 4-àm înobenzoàte 
by Nylon 6 from B uffered  S o lu tio n s  o f  C onstant Io n ic  S trength  and 
C onstant Temperature.
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The apparent s im ila r it y  betw een th e  so r p tio n  : pH p r o f i l e  and 
th e  d is s o c ia t io n  curve fu r th er  em phasises th e  dependence of th e  
so r p t io n  p r o c e ss  on th e  s t a t e  of io n is a t io n  o f th e  s o lu t e .
1 . 5 .3 .4 .  The E f fe c t  of Temperature on A dsorption  from S o lu t io n .
As th e  tem perature of an a d so rp tio n  system  r i s e s ,  a red u c tio n  
i n  a f f i n i t y  and ca p a c ity  o f th e  adsorbent fo r  th e  ad sorb ate i s  
g e n e r a lly  ap p aren t. T his corresponds to  a weakening of a t t r a c t iv e  
fo r c e s  betw een th e  s o lu te  and adsorbent and an In crea se  in  
s o lu b i l i t y  o f th e  s o lu te  in  th e  s o lv e n t .  The eq u ilib r iu m  w i l l  thus 
b e d isp la ced  in  favour o f th e  s o lu t io n  as tem perature r i s e s ,  th e  
e x te n t  of vfeich w i l l  depend on th e  tem perature c o e f f i c ie n t  o f s o lu te  
a f f i n i t y  fo r  b o th .
1 . 5 .3 .4 .1  A c tiv e  Carbon.
E x ten siv e  stud y  of th e  thermodynamics of a d sorp tion  from s o lu t io n  
h as been undertaken p a r t ic u la r ly  w ith  r e sp e c t  to  a d sorp tion  from 
con cen trated  s o lu t io n s  (K ip lin g  1965). The e f f e c t  of tem perature on 
th e  so r p tio n  of s o lu te s  from d i lu t e  s o lu t io n  on to  a c t iv e  carbon h as, 
however, r e c e iv e d  com paratively  l i t t l e  a t t e n t io n .  As a c t iv e  carbon  
so rb en ts  g e n e r a lly  showL type behaviour i t  i s  n ecessary  to  rep resen t  
th e  so r p tio n  eq u ilib r iu m  u sin g  model eq u ation s w ith  more than one 
c o n s ta n t. In  t h i s  ca se  a sim ple r e la t io n s h ip  such as th e Van ’ t  H off 
iso c h o r e  cannot be used to  p r e d ic t  th e  e f f e c t  of tem perature on th e  
o v e r a l l  s o r p t io n  p r o c e s s . S tu d ie s  of th e  so r p t io n  of 4 -n itro p h en o l 
by a c t iv e  carbon have attem pted to  use th e  reduced co n cen tra tio n  uptake 
p r o f i l e  to  p r e d ic t  th e  o v e r a l l  e f f e c t s  o f tem perature on th e  ad so rp tio n  
p r o c e ss  (M attson & Mark e t  a l 1971). I t  was assumed th a t th e  L type  
isotherm  a t  any tem perature cou ld  be p red ic te d  from th e  reduced  
c o n c e n tr a tio n  p lo t  provided th a t  th e  s a tu r a t io n  s o lu b i l i t y  was known
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a t  a l l  tem p eratu res. Poor agreement w ith  experim ental data  was
found u sin g  t h i s  method which led  th e  authors to  assume th a t
tem perature a f fe c te d  both  th e  so lu te -so r b e n t  in t e r a c t io n  as w e ll
a s  s o l u b i l i t y ,  in  w hich ca se  th e  p r e d ic t io n  method based s o le ly
on s o lu b i l i t y  c o n s id e r a t io n  would n ot ap p ly . T h is e f f e c t  has a ls o
been  reported  f o r  th e  a d so rp tio n  o f io d in e  on to  non-porous carbon
from cycloh exan e (K ip lin g  1964). The iso th erm s fo r  t h i s  system
cou ld  be s u c c e s s f u l ly  p red ic ted  u sin g  th e  reduced co n cen tra tio n
p r o f i l e  b u t, th e se  f in d in g s  were n o t supported by experim ents u s in g
d if f e r e n t  s o lv e n ts  and v a r io u s o th er  non-porous carbon so rb en ts .
The e f f e c t  of tem perature on th e two Langmuir eq u ation  co n sta n ts
h as been dem onstrated by an in v e s t ig a t io n  o f th e  e f f e c t  o f tem perature
on th e  s o r p t io n  of benzenesu lphonates by a c t iv e  carbon. The p ro cess
was found to  be exotherm ic and th e  o v e r a l l  iso th erm  was d isp la ced
upwards a s  tem perature d ecre a se d . The a f f i n i t y  co n sta n t (b* in
eq u a tio n  1 .3 )  was ap p aren tly  tem perature independent whereas th e
p la te a u  iq>take (n^^^in  eq u a tio n  1 .3 )  was in flu e n c e d  by tem perature.
In  t h i s  s p e c ia l  ca se  th e  v a r ia t io n  o f p la tea u  uptake could  be
p red ic te d  by a Van*t H off p lo t  based on eq u ation  1 .9  where n was
max
used in  p la c e  of K. A d i f f e r e n t i a l  h e a t  o f a d so rp tio n  was c a lc u la te d
-1
from t h i s  p lo t  w ith  a v a lu e  of - 6 .0  KJ mol . The th e o r e t ic a l  
j u s t i f i c a t i o n  fo r  and th e  ex a c t s ig n if ic a n c e  of t h i s  param eter was, 
however, n o t d isc u sse d  (Weber and M orris 1964a).
1 . 5 .3 .4 .2  N ylon 6.
Temperature changes have a lso  been shown to  a f f e c t  th e  m atrix  
s tr u c tu r e  of polyam ides due to  a .therm ally  induced realignm ent o f  
in te r c h a in  hydrogen bonds (Lord 1974). The e f f e c t  o f t h is  s tr u c tu r a l  
rea lign m en t i s  a lso  r e f le c t e d  in  th e  so r p tio n  p r o c e ss  (Ho 1977,
4(3
R ichardson 1974), The e f f e c t  of tem perature on so r p t io n  o f s o lu te s  
by nylon s has been stu d ied  u sin g  a co n v en tio n a l eq u ilib r iu m  thermo­
dynamics approach. (R ichardson 1977, Ho 1977, A utian  1 9 6 3 ). The 
K v a lu e  measured from th e  isotherm  s lo p e  i s  approxim ately  equal to  
th e  d im en sio n less  eq u ilib r iu m  con sta n t fo r  d i lu t e  s o lu t io n  so r p t io n  
system s (R ichardson 1973). The standard entropy fo r  s o r p t io n  A s °  
can  be obtained  from th e  l in e a r  i s o  chore p lo t s  of In  K v ersu s  
r e c ip r o c a l a b so lu te  tem perature, u s in g  th e  V an 't H off eq u a tio n .
In K * — A n° + co n sta n t ......................... . ( 1 .9 )
RT
where R = th e  u n iv e r sa l gas con sta n t
T * th e  a b so lu te  tem perature
 ^ 0
The so r p tio n  p ro cess  i s  g e n e r a lly  exoth erm ic, co n seq u en tly  AH 
i s  n e g a t iv e .  A h  ^ v a lu e s  fo r  th e  so r p tio n  of b en zo ic  acid
d e r iv a t iv e s  by n y lon  6110 a re  o f th e  order -  13 KJ mol  ^ (Kapadia
-1
e t  a l 1964) and v a lu e s  of -1 1  KJ mol have been ob tained  fo r  
th e  so r p tio n  of benzo ic acid  d e r iv a t iv e s  by n y lo n  6 powder 
(R ichardson  1973). The standard fr e e  energy change ( AG°) i s  
ob ta in ed  from eq u ation  1 .1 0  and th e  rem aining thermodynamic 
param eter, th e  standard en tropy o f so r p t io n , A S ° , fo llo w s  from
eq u a tio n  1 .1 1  th e  Gibbs eq u a tio n .
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A g^ -RT In K ( 1 . 10)
A g° = A h'" - t A s° (1.11)
The in f lu e n c e  o f  tem perature on th e  so r p tio n  o f  e th y l 4-am inobenzoate  
by n ylon  6 , 11 and 12 has been rep orted  by Ho (1977) who showed th a t  
a p o in t o f in f le x io n  occured in  th e  Van*t H off is o c h o r e s ,  shown in  
f ig u r e  1 .13
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F igure 1 .1 3  Van*t H off IsO ehores fo r  th é S orp tion  o f E thyl 4-^  
amiiiObenzOate by  Nylons 6 , 11 and ' 12 .
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I t  was su g g ested  th a t the p o in ts  o f  in f le x io n  were a s so c ia te d  w ith  
secondary phase t r a n s it io n s  in  the polymer as d isc u sse d  p r e v io u s ly  
(Ho 1 9 77). For ny lon  6 the A h ° v a lu e s  are exotherm ic in  the  
tem perature range above and below  the in f le x io n  tem perature. AH° 
v a lu e s  fo r  n y lon s 11 and 1 2 , however, change from endotherm ie a t  low  
tem peratures to  exotherm ic a t h igh er tem p eratu res. The data fo r  
nylon  6 was ex p la in e d  in  terms o f the in c r e a se d  segm ental m otion in  
th e  polymer a t  tem peratures above the secondary phase t r a n s it io n s  
making b in d in g  s i t e s  more a c c e s s ib le .  The in te r p r e ta t io n  o f the data  
fo r  ny lons 11 and 12 , however, remains u n c le a r . These f in d in g s  
in d ic a te  th a t th e  e f f e c t  o f  tem perature on th e so r p tio n  p rocess i s  
n ot r e s t r ic t e d  to  th e tr a n s fe r  o f  s o lu te  betw een the s o lu t io n  and 
polymer p h a ses. Care sh ou ld , th e r e fo r e , be taken w ith  regard to  
co n c lu s io n s  drawn from so rp tio n  thermodynamics s tu d ie s  concerning the  
e n e r g e t ic  n atu re o f  the so lu te -p o ly m er  in t e r a c t io n .  S evera l workers 
have used the thermodynamics param eters a s so c ia te d  w ith  the so rp tio n  
p ro cess  to  a s s ig n  s p e c i f i c  bond form ation  mechanisms to  the ad sorb en t-  
ad sorbate in t e r a c t io n  (A utian 1963, R od ell 1 9 6 4 ). L ater work h a s , 
however, r e f in e d  th e  thermodynamic model to  sep a ra te  th e s o lu te  
d is s o lu t io n  e f f e c t s  from the experim enta l so r p tio n  p r o c e ss . A Hess 
r e la t io n s h ip  (eq u a tio n  1 . 1 2 ) u s in g  thermodynamic param eters a s so c ia te d  
w ith  the d is s o lu t io n  p rocess to  account fo r  th e  ad sorb ate—so lu te  
in te r a c t io n  has been a p p lied  to  the so r p tio n  o f  e th y l 4-am inobenzoate  
from a range o f  c o so lv e n t  s o lu t io n s .
A h° i n t e r a c t i o n  = A h s o r p t i o n  -  A h s o l u t i o n  ........... * . (1 ,12)
51
The a H° in te r a c t io n  param eter remained co n sta n t over a wide range  
o f w a te r -c o so lv e n t c o n c e n tr a tio n s , a r e s u l t  w hich would be  
a n tic ip a te d  i f  the therm al e f f e c t s  on th e so lv e n t  phase were 
s u c c e s s fu l ly  e lim in a ted  (R ichardson 1977 ).
1 .5 .3 .5  Io n ic  S tren gth .
In many ca ses  o f  a d sorp tion  from aqueous s o lu t io n  the in f lu e n c e  
o f  e l e c t r o ly t e  co n cen tra tio n  has been ig n o red . When a s e r ie s  o f  
b u ffered  s o lu t io n s  a t d if fe r e n c e  pH l e v e l s  are u sed , the io n ic  
str e n g th  promotes a d sorp tion  by d ep ress in g  th e s o l u b i l i t y  o f  the  
s o lu te  in  s o lu t io n .  S evera l workers have rep orted  on th e in f lu e n c e  
o f  io n ic  s tr e n g th  in  th e so r p tio n  o f s o lu te s  in d ic a t in g  th e c o n tr o l  
o f  the o v e r a l l  e l e c t r o ly t e  co n cen tra tio n  in  so r p tio n  s tu d ie s  i s  
e s s e n t ia l .
1 .5 .3 .5 .1  A ctiv e  Carbon.
The e f f e c t  o f e le c t r o ly t e s  on the so r p tio n  o f  s o lu te s  by a c t iv e  
carbon i s  s im ila r  to  th a t fo r  nylon  6 uptake. The a d d it io n  o f  
bromide and c h lo r id e  io n s  was found to  promote th e  so r p tio n  o f  
b en zo ic  a c id  by a c t iv e  carbon (Hasher 1963) and th e  ad so rp tio n  o f  
p h en oth iazin e  d e r iv a t iv e s  was s im ila r ly  a f fe c te d  by the a d d it io n  
o f  sodium c h lo r id e  (Sorby e t  a l  1966).
1 . 5 .3 .5 .2  Nylon 6 .
The in f lu e n c e  o f  io n ic  s tren g th  on th e so r p tio n  o f  organ ic  s o lu te s  
by nylon  6 has been in v e s t ig a te d  by R ichardson (1 9 7 3 ). As th e  io n ic  
s tr e n g th  in c r e a se s ,  the s o lu b i l i t y  o f  th e  s o lu te  d ecrea ses  and 
so r p tio n  i s  enhanced. A m o d if ic a tio n  o f  th e  Setchenov eq u ation  fo r  
the s o lu b i l i t y  o f  n o n - e le c t r o ly t e s ,  shown in  eq u ation  1 .1 3  was 
proposed to  account fo r  the e f f e c t  o f  e l e c t r o ly t e  on th e so r p tio n  o f  
e th y l 4-am inobenzoate by nylon  6 .
TFZ
^2 . + me ..........................  (1 -1 3 )
So
where K = so r p tio n  co n sta n t
Sp = " s o lu b i l ity "  o f  th e  s o lu te  in  th e polymer
= s o lu b i l i t y  o f  th e  s o lu te  in  th e s o lv e n t  
m = em p ir ica l co n sta n t
c = s a l t  co n cen tra tio n
A p lo t  o f the logarith m  o f  the so rp tio n  co n sta n t v ersu s e l e c t r o ly t e  
co n cen tra tio n  was found to  be l in e a r  and the v a lu e  o f  Sp determ ined  
from the in te r c e p t  showed c lo s e  agreement w ith  th a t determ ined  
ex p er im en ta lly .
1 .6  DYNAMIC ADSORPTION FROM SOLUTION.
The r a te  a t which a sorb en t m a te r ia l d e p le te s  s o lu te  from s o lu t io n  
i s ,  in  a d d itio n  to  the eq u ilib r iu m  a d so rp tio n  c h a r a c t e r i s t ic s ,  o f  major 
te c h n ic a l s ig n if ic a n c e .  The so rp tio n  in te r a c t io n  p ro cess  has been  
subd iv ided  in to  four s ta g e s  which are summarised below  (K le in  1 9 8 0 ).
a) D if fu s io n  o f s o lu te  from th e bulk  s o lu t io n  to  the p rox im ity  o f  
the sorb en t.
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b) D if fu s io n  o f the s o lu te  acro ss  a co n cen tra ted , s t a t i c  f i lm  
o f s o lu t io n  a t the geom etric su r fa ce  o f  the so rb en t.
c) Sorption  or p erso rp tio n  w ith in  the sorb en t where s o lu te  i s  
tran sported  from the geom etric boundary o f  th e sorb en t to  
in te r n a l ad sorp tion  s i t e s .
d) A dsorption on to  in te r n a l a c t iv e  s i t e s  fo llo w in g  so r p tio n  
or p er so r p tio n .
I f  th e s t a t i c  s o lu te  r ic h  la y e r  a t the sorbent boundary i s  sm all 
or can be a b o lish ed  by a g it a t io n  o f  the s o lu t io n ,  the so r p tio n  or 
p erso rp tio n  sta g e  w ith in  th e sorbent can be con sid ered  to  be the  
ra te  l im it in g  s te p . T his s te p  in  th e o v e r a l l  so r p tio n  p ro cess  has 
been d escr ib ed  as a d if fu s io n  p ro cess  (B arrer, 1949) and measurement 
o f  param eters a s so c ia te d  w ith  t h is  p ro cess  have been used to  
c h a r a c te r ise  th e k in e t ic  p r o p e r t ie s  o f  so r b e n ts .
The t h e o r e t ic a l  model fo r  d if fu s io n  assumes th a t the r a te  o f  mass 
tr a n s fe r  w ith in  the sorb en t phase i s  p ro p r tio n a l to  the co n cen tra tio n  
grad ien t o f  the s o lu t e ,  in  th e d ir e c t io n  o f  mass f lo w , and th e  area  
a v a ila b le  fo r  d if f u s io n .  The b a s ic  eq u a tio n s d e sc r ib in g  the  
d if fu s io n  p ro cess  were proposed by F ick  (Crank 1975) and are g iven  
in  eq u ation s 1 .14  and 1 .1 5 .
F = dm = -  D.A. d n ................................... (1 .1 4 )
d t dx
dc = D.A. d (dc )  (1 .1 5 )




where F = f lu x
C = th e  co n c e n tr a tio n  of s o lu te  in  th e
d if fu s in g  medium
X = th e  d is ta n c e  c o -o r d in a te  in  th e d ir e c t io n
of mass tr a n s fe r
t  = tim e
m = mass of s o lu te  tran sp orted
D = d i f f u s io n  c o e f f i c i e n t
The p r o p o r t io n a lity  c o n sta n t, D, i s  known as th e d if fu s io n  c o e f f i c ie n t  
and i s  dependent upon tem perature, th e  r e la t iv e  m olecu lar dim ensions  
o f  th e  s o lu t e  and th e  "space" w ith in  th e  sorb en t in  \diich i t  i s  f r e e  
to  move. D i s  a u se fu l param eter which i s  c h a r a c te r is t ic  of th e  
r e s is t a n c e  o f an adsorbent to  mass tr a n s fe r  and i s  an in d ic a to r  o f  
o v e r a l l  s o r p t io n  k in e t ic s  The u n it  o f D i s  m^  s e c  ^, and th e  h igh er  
th e  v a lu e  of D, th e  f a s t e r  s o lu t e  can d if f u s e  w ith in  th e  sorbent 
which r e s u l t s  in  a f a s t e r  o v e r a ll  r a te  of so r p tio n .
The ex p ress io n s  g iv e n  in  eq u ation  1 .14  and 1 .15  apply to  mass tr a n s fe r  
and c o n cen tra tio n  change w ith in  th e  sorbent which are not m easurable 
by d ir e c t  exp er im en ta tio n . I t  i s ,  th e r e fo r e , n ecessa ry  to  s o lv e  
eq u a tio n  1 .14  and 1 .15  fo r  an ap p ro p ria te  s e t  o f i n i t i a l  and boundary 
c o n d it io n s . In many c a se s  t h i s  r e q u ir e s  isotherm  data  to  enable  
mass flow  w ith in  th e  sorbent to  be measured by o b se r v a tio n  o f th e  
e x te r n a l s o lu t io n  co n c e n tr a tio n  change. The approach to  th e  
measurement of D i s  id e n t ic a l  fo r  both  polym eric and a c t iv e  carbon  
a d so rb en ts . The experim ental d es ig n  o f k in e t ic s  experim ents and 
th e  s o lu t io n s  of eq u ation  1 .15  employed w i l l  however vary due to  
d if f e r e n c e s  in  t h e ir  p h y s ic a l form , n a tu re  and so r p tio n  c h a r a c te r is t ic s
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1 .6 .1  D if fu s io n  in  Polym eric S o rb en ts .
The d if fu s io n  c o e f f i c i e n t  fo r  the in te r a c t io n  o f s o lu t e s  w ith  
polym ers can be measured by in v e s t ig a t io n  o f th e  r a te  a t  which  
s o lu t e s  perm eate through, or are sorbed by, p olym eric f i lm s .
S o rp tio n  r a te  s tu d ie s  u sin g  powdered p o lym eric m a ter ia l tend  not 
to  be used a s i,fo r  exam ple^the r a te  o f so r p t io n  o f e th y l 4— 
am inobenzoate i s  h igh  r e s u lt in g  in  th e  a tta in m en t o f eq u ilib r iu m  
w ith in  2 to  3 m inutes (R ichardson 1973 ).
1 .6 .1 .1  The C h a r a c ter isa tio n  of D if fu s io n  U sing Membrane P erm ea b ility  
E xperim ents.
P erm ea b ility  experim ents c o n s is t  of m easuring th e  r a te  of 
appearance o f s o lu te  in  a s o lv e n t ,  separated  from a con cen trated  
s o lu t e  s o lu t io n  by a polymer membrane. The co n cen tra tio n  d is ta n c e  
p r o f i l e  fo r  t h i s  system  i s  shown sc h e m a tic a lly  in  f ig u r e  1 .1 4  
E quation 1 .15 has been so lv ed  fo r  non stea d y  s t a t e  c o n d itio n s  
th e  donor s o lu t io n  co n cen tra tio n  (C^) and th e  rec ep to r  s o lu t io n  
c o n c e n tr a tio n  (C^) remain co n stan t and e f f e c t i v e l y  zero , 
r e s p e c t iv e ly ,  throughout th e  d eterm ination  and th e  polymer i s  
i n i t i a l l y  fr e e  of s o lu te  (Crank 1956, Barrer 1 9 3 9 ). The s o lu t io n ,  
g iv e n  in  eq u ation  1 .1 6 , ta k es  the form of a fu n c t io n  r e la t in g  th e  
mass p resen t in  th e recep to r  s o lu t io n  as a fu n c tio n  o f tim e .
DONOR:SOLUTION 
Volume= Vj
C on cen tration
MEMBRANE 













the donor so lu t io n  con cen tration
the recep tor so lu t io n  con cen tra tion
the so lu te  con cen tra tion  w ith in  the donor 
in te r fa c e  of the membrane 
the s o lu te  con cen tration  w ith in  the 
recep tor  in te r fa c e  of the membrane
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_ fP . A . t . ç f  ) -  (&A.C^ ) -  (2 . f ,C^ ) “  ( - 1 ) "
e  ^  - I P " '  n = l "
  (1 .1 6 )
where ^ ( t )  " d if fu s in g  mass p resen t in  rec ep to r  phase
a t  tim e , t .
= membrane th ic k n e ss
A = membrane area
th e  s o lu te  co n cen tra tio n  w ith in  th e  rec ep to r  
R in te r fa c e  o f th e  membrane.
As tim e approachs in f in i t y  th e  s e r ie s  ex p o n en tia l term in  eq u ation
1 .16  i s  e lim in ated  and s im p l i f i e s  to  eq u a tio n  1 ,1 7 .
Q _  ^ " i - I  )   (1 .1 7 )
A 6D
The fu n c tio n  of v ersu s t  i s  now l in e a r  w ith  an in te r c e p t  on
th e  a b s c is s a  re ferred  to  as th e la g - t im e . E quation 1 .1 8 .
Lag-tim e =  (1 .1 8 )
6D
Equations 1 .1 6  -  1 .18  in d ic a te  th a t  th e  p lo t  of versu s tim e
would take the form of th a t  shown sc h e m a tic a lly  in  f ig u r e  1 .1 5  
th e  s o -c a l le d  B arrer P lo t .
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The  ^ v ersu s  tim e p r o f i l e  shown in  f ig u r e  1 ,15  has been obtained  
fo r  s e v e r a l experim ental so lu te -n y lo n  p erm ea b ility  d eterm in ation s  
o f  pharm aceutical in t e r e s t ,  and has been used in  con ju n ction  w ith  
eq u ation  1 .18  to  o b ta in  D as the membrane th ic k n e ss  can be measured 
and th e  la g -tim e  can be determ ined from d ir e c t  exp erim en ta tion .
The D v a lu e , and a fu r th e r  con stan t r e p r e se n tin g  p e r m e a b ility , the  
p erm ea b ility  c o e f f i c ie n t  (P) can be o b ta in ed  from th e  s t e a d y -s ta te  
s lo p e  of th e  Barrer p lo t  (R od e ll e t  a l  1966, Crank 19 5 6 ), Under 
stea d y  s t a t e  c o n d itio n s  eq u ation  1 .19  a r i s e s  d ir e c t ly  from eq u ation
1 .15
^  -  -P*A. (C^ -  )  ( 1 .1 9 ) .
t
I f  th e so r p tio n  isotherm  i s  l in e a r  and D i s  independent of 
c o n cen tra tio n  in  th e polym er, th e  polymer c o n c e n tr a tio n  terms in  
eq u ation  1 .1 9  can be rep laced  by co n cen tra tio n s  in  th e  donor and 
r e c e p to r  phases u sin g  the C isotherm  r e la t io n s h ip  g iv en  in  eq u ation
1 .15  (P ick s second law) which i s  r e w r itte n  in  eq u ation  1 .20
K = C^   ( 1 .2 0 ) .
D K
I f  th e  p erm ea b ility  d eterm in ation  i s  c a rr ied  out under s in k  c o n d itio n s  
S
such th a t C i s  e f f e c t i v e l y  zer o ;eq u a tio n  1 .2 0  can be s u b s t itu te d  • R
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s
The re c e p to r  phase co n cen tra tio n  C may be ob tained  by in tro d u c in g  
th e  rec ep to r  compartment volume (eq u ation  1 . 2 2 ) .
S -  s
dc^ = D.A.K.C^  ( 1 .2 2 ) .
dt t  -v ^
In  s e v e r a l p r a c t ic a l  system s th e p erm ea b ility  o f  s o lu te  i s  
rep resen ted  by eq u ation  1 .2 3 .
S S
dC = P.A.C  ( 1 .2 3 ) .
R D
t . v ^
Under c o n d it io n s  \d iere th e isotherm  i s  l in e a r  P and D can be 
c a lc u la te d  from the stead y  s t a t e  s lo p e  of th e  Barrer P lo t  provided  
th a t  th e donor s o lu t io n  co n cen tra tio n  i s  known to g e th e r  w ith  the  
dim ensions of th e  p erm ea b ility  apparatus. Comparison o f eq u ation  
1 .2 2  and 1 .23  in d ic a te s  th a t th e  p er m e a b ility , so r p tio n  and 
d if f u s io n  p r o c e sse s  are in te r e la te d  by the ex p r e ss io n  g iv en  in  
eq u a tio n  1 .24
K.D. (1 .2 4 )
Ci
1 .6 .1 .2  The C h a r a c te r isa tio n  of D if fu s io n  U sing S o rp tio n  Experim ents 
V alues of D fo r  polym eric so rb en ts  may be obtained  by m easuring  
th e  r a te  of which the fr a c t io n a l approach to  eq u ilib r iu m  tak es p la c e .  
P r a c t ic a l ly ,  th e  most con ven ien t experim ental system  c o n s is t s  of a 
sm a ll volume of s o lu t io n ,  in to  which th e  sorb en t i s  p la c e d . The 
p ro g ress  of mass tr a n s fe r  in to  th e  s o lu t io n  i s  then m onitored by 
th e  change in  s o lu te  c o n cen tra tio n  as  a fu n c t io n  o f tim e. The 
s o lu t io n  of P ic k ’ s eq u ation  (eq u a tio n  1 .1 5 ) fo r  th e s e  system s i s  
com plicated  by th e  boundary c o n d it io n , \d iich  changes as a fu n c tio n  
o f  time due to  th e changing su r fa c e  c o n c e n tr a tio n . S evera l m athem atical 
s o lu t io n s ,  however, have been p u b lish ed  fo r  th e  c o n d it io n  where th e  
amount of s o lu te  in  s o lu t io n  and polymer remains con sta n t as  
d if f u s io n  proceeds (Crank 1956 ). A s o lu t io n  to  eq u ation  1 .15  
obtained  u s in g  th e  co n serv a tio n  o f mass c o n d it io n  was proposed by 
B e r th ie r  (1952) who used i t  as a method of m easuring s e l f  d i f f u s io n .
The eq u ation  r e la t in g  f r a c t io n a l  uptake to  th e  dimens io n le s s  
param eter, T, r e p r e se n tin g  tim e i s  g iv en  in  eq u ation  1 .25
T ^
(1 + l/') l-exp [T ^ ] (1 -2  ^  exp[-T  .dT ]) j  ........... (1 .2 5 )
t
(D o
where : = the mass in  th e  polymer a f t e r  tim e, t .
P
Mqq = th e mass in  th e  polymer a f t e r  i n f i n i t e  
tim e (a t  eq u ilib r iu m )
T = Dt
f
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S
where: = th e  i n i t i a l  mass in  s o lu t io n
The s o lu t io n  of eq u ation  1 .15  exp ressed  in  eq u a tio n  1 .2 5  assumes 
th a t  the sorb en t i s  in  th e  form of a membrane where so r p t io n  in to  
th e  edges i s  n % lig a b le  compared to  so r p tio n  by th e two f a c e s .  The ^  
term i s  a fu n c t io n  o f th e  s o r p t io n  c o e f f i c i e n t ,  K, a s  i t  i s  
fu r th e r  assumed th a t th e  c o n c e n tr a tio n  o f s o lu te  j u s t  w ith in  th e  
su r fa c e  i s  K tim es th a t  in  the s o lu t io n  (Crank 1 9 5 6 ). B e r th ie r  (1952)
p u b lish ed  ta b le s  o f M /^M  ^ v ersu s  T fo r  d if f e r e n t  v a lu e s  of T. 
thus en a b lin g  th e  c o n s tr u c t io n  o f sim ulated  uptake cu rves based on 
th e  fu n c tio n a l form o f  eq u ation  1 .2 5 .
The v a lu e  of D can be c a lc u la te d  by a p ro cess  re fe red  to  as curve
m atching (T ien  and Thodos 1 9 60 ). Comparison o f i f a g a i n s t  t^
P Pw ith  th e  th e o r e t ic a l  p lo t  o f M /M versu s T should  r e v e a l a
 ^ eq
fu n c t io n a l s im ila r it y  i f  th e  d i f f u s io n  model i s  a s a t is f a c t o r y
r e p r e se n ta t io n  o f th e  a c tu a l d i f f u s io n  p r o c e ss . The experim ental
v a lu e  of M /^m  ^ i s  read o f f  fo r  a s e le c te d  t^  and i s  then  matched to  
t  eq 2 __
th e  th e o r e t ic a l  p lo t  to  o b ta in  T>t/ i  • , from which D can be e v a lu a ted ,
a s  t^  and & a re  known. An a lt e r n a t iv e  m atching tech n iq u e was
proposed based on an o b se r v a tio n  th a t th e experim ental and t h e o r e t ic a l
curves are e s s e n t ia l l y  l in e a r  up to  M /^M  ^ = 0 .6  (Kapadia e t  a l 1964a).
t  eq
In  t h i s  ca se  D can be c a lc u la te d  from eq u a tio n  1 .26
2  * S lope (ex p er im en ta l)  (1 .2 6 )
2
& Slope ( t h e o r e t ic a l )
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The e x p ress io n s  g iven  above are d erived  fo r  so rb en ts  in  the form of 
f i lm s  or  membranes. B er th ier  has a ls o  p u b lish ed  ta b le s  fo r  
s p h e r ic a l so r b e n ts , in  \d iich  r a d ia l d i f f u s io n  r e p la c e s  l in e a r  
d i f f u s io n  (B e r th ie r  1 9 5 2 ).
In  both  approaches to  c a lc u la t in g  D, and fo r  th e  c a lc u la t io n  o f P , 
th e  experim ental c o n d itio n s  must p a r a l le l  th e  boundary c o n d it io n s  of 
a p a r t ic u la r  p u b lish ed  s o lu t io n  e x a c t ly .  The sorbent m atrix  i s  
con sid ered  to  be homogeneous such th a t  D i s  co n sta n t a t  a l l  p o in ts  
w ith in  th e  m a tr ix .
The v a lu e s  o f th e  d i f f u s io n  c o e f f i c i e n t  ob ta ined  by s o r p t io n  and 
p e r m e a b ility  experim ents should  n o t be d ir e c t ly  compared as v a lu e s  
f o r  th e  same membrane, determ ined by th e  two m ethods, have been  
shown to  d is a g r e e  (Berg e t  a l 1965). The v a r io u s methods used to  
o b ta in  D by ex p erim en ta tion  w i l l  be su b jec t to  d if f e r e n t  ty p es of 
e r r o r  which w i l l  r e s u lt  in  th e num erical d isagreem ent in  d i f f u s io n  
c o e f f i c i e n t  d a ta . D if fe r e n t  s o lu t io n s  of eq u a tio n  1 .15  a ls o  make 
d if f e r e n t  s im p lify in g  assum ptions which w i l l  a ls o  c o n tr ib u te  to  
in c o n s is t e n t  num erical v a lu e s  o f D. For com parison, i t  i s  
recommended th a t  a p a r t ic u la r  experim ental tech n iq u e and s o lu t io n  
t o  th e  d i f f u s io n  eq u ation  a re  adopted as a standard p rocedure.
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1 .6 .1 .3  F actors A ffe c t in g  th e  Dynamic I n te r a c t io n  o f S o lu te s  
w ith  Polym ers.
The r e la t io n s h ip  between the s o r p t io n , p erm ea b ility  and 
d if fu s io n  p r o c e sse s  are g iven  in  eq u ation  1 .2 6 , th e  la t t e r  two 
b ein g  r a te  p r o c e s s e s .  The l e s s  fundam ental p erm ea b ility  c o e f f i c i e n t  
i s  s e n s i t iv e  to  changes in  th e eq u ilib r iu m  so r p t io n  p ro cess  which 
i s  not i t s e l f  tim e dependent. The p h ysicoch em ica l fa c to r s  a f f e c t in g  
so r p tio n  w i l l  a ls o  a f f e c t  p erm ea b ility  which have been d iscu ssed  
p r e v io u s ly  in  S e c t io n  1 .5 .3
1 .6 .1 .3 .1  Temperature
The d i f f u s io n  p ro cess  i s  con sid ered  to  occur by th e tr a n s fe r  
o f  s o lu te  m o lecu les  between fr e e  space in  th e  m atrix  brought about 
e i th e r  by th erm a lly  induced segm ental m otion of th e  polymer chains  
(Barrer 1951) or lo c a l i s e d  changes in  d e n s ity  (Kummins and Kwei, 
c ite d  in  th e  E n cycloped ia  of Polymer S c ie n c e ) . At h igh er
tem peratures th e  c r e a t io n  o f fr e e  space w i l l  occur more ra p id ly
thus f a c i l i t a t i n g  th e  tr a n s fe r  o f s o lu te  by e i th e r  mechanism. An 
in v e s t ig a t io n  o f th e  e f f e c t  o f tem perature on th e  d if fu s io n  of 
s a l i c y l i c  ac id  by a ny lon  polymer showed th a t  th e  A rrhenius 
r e la t io n s h ip  cou ld  be a p p lied  to  account fo r  th erm ally  induced  
changes in  D (eq u a tio n  1 .2 7 ) (Kapadia e t  a l  1 9 6 4 ).
lo g  D * lo g  F  -  A e /2 .3 0 3 R .T .  (1 .2 7 )
o
where : D = th e  d if f u s io n  c o e f f i c i e n t  a t i n f i n i t eo
tem perature  
R * th e gas co n sta n t
A e = th e a c t iv a t io n  energy fo r  the
d if fu s io n  p r o c e s s .
G5
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The e f f e c t  o f tem perature on th e p erm ea b ility  o f  s o lu t e s  w i l l  be a 
complex fu n c tio n  o f  i t s  e f f e c t s  on the so r p tio n  and d if f u s io n  
p r o c e s se s . S orption  i s  g e n e r a lly  an exotherm ic p r o c e s s ,  the e x te n t  
o f  which d ecreases as tem perature in c r e a se s .  A lthough so r p tio n  
p r o c e sse s  w i l l  norm ally be c h a r a c te r ise d  by a n e g a t iv e  v a lu e  o f  AH^, 
endotherm ie so rp tio n  p r o c e sse s  have a ls o  been rep o rted  (Ho 1977).
The d if fu s io n  p ro cess  i s  a r a te  p ro cess  and as such i s  c h a r a c te r ise d  
by a p o s i t iv e  a c t iv a t io n  energy as h igh er  tem peratures promote a 
h ig h er  r a te  o f  mass t r a n s fe r . As p erm ea b ility  i s  th e product o f  th e  
so r p tio n  and d if fu s io n  p r o c e s s e s ,  the e f f e c t  o f  tem perature on 
p erm ea b ility  w i l l  depend upon th e  num erical v a lu es  o f  th e  en th a lp y  
o f  so r p tio n  and th e  a c t iv a t io n  energy fo r  d if f u s io n  (B ra y .1977 ).
1 .6 .1 .3 .2  Polymer S tr u c tu r e .
S tru c tu ra l changes in  polym ers enhancing th e  degree o f  segm ental 
m o b ility  w i l l  a ls o  in c r e a se  d if fu s io n  and d ecrease  th e v a lu e  o f  D. 
A lte r n a t iv e ly  changes which r e s t r i c t  movement w i l l  reduce d if f u s io n .  
E a r lie r  s tu d ie s  concerned w ith  the d if fu s io n  and p e r m e a b ility  o f  
g a ses  and vapours through p la s t i c s  and rubbers have shown th a t an 
in c r e a se  in  d e n s ity , c r y s t a l l i n i t y  (A lter  1962, Meyers 1962) and 
c r o s s - l in k in g  (Kumins, 1965) a l l  d ecrease  the r a te  o f  s o lu te  
perm eation . The m olecu lar w eigh t o f  th e  polymer i s  a ls o  im portant 
in  some c a s e s . F i t e s  e t  a l  (1970) found th a t th e low er m olecu lar  
w eigh t grades o f p o ly  (m ethyl v in y le th e r ) -m a le ic  anhydride copolymer 
were more permeable to  c a f fe in e  than h ig h er  o n es.
The e f f e c t  o f  tem perature on th e  s tr u c tu r e  o f  polyam ides has been  
d isc u sse d  in  S e c tio n  1 .5 .3 .4 .  The d if f e r e n t  s t u d ie s ,  p re se n t a t  
d if f e r e n t  tem peratures have been shown to  in f lu e n c e  the so r p tio n  o f  
e th y l 4-am inobenzoate (Ho, 1977 ).
S tu d ies  in v e s t ig a t in g  th e  perm eation of e th y l 4-am inobenzoate  
th r o u ^  n o n -o r ien ted  f i lm s  of ny lon  6 , 1 1  and 12 have shown th a t th e  
amide frequency in f lu e n c e s  the d i f f u s io n  and perm eation p r o c e s s e s .  
D ecreasin g  th e  number o f m ethylene groups, thus in c r e a s in g  the amide 
freq u en cy , a llo w s  s o lu t e  to  d i f f u s e  more e a s i l y  a s  m ethylene chains  
a r e  known to  produce c r y s t a l l i n i t y  in  th e  m atrix  (Ho 1 9 7 7 ),
O r ie n ta tio n  o f th e  polymer chains h as been shown to  a f f e c t  th e  
tra n sp o r t p r o p e r t ie s  of polyam ides. I n v e s t ig a t io n  of th e  so r p tio n  and 
d if f u s io n  o f e th y l  4-am inobenzoate through n o n -o r ien t e d , m on oaxia lly  
and b ia x ia l ly  o r ie n te d  nylon  6 f i lm  showed th a t  th e  perm eation  r a te  
was h igh er in  th e  n o n -o r ien t ed f i lm  (Ho 1 9 7 7 ). T h is was a ttr ib u te d  
t o  th e  more open, random s tr u c tu r e  o f th e  n o n -o r ien t ed form which 
would c r e a te  an e a s ie r  pathway fo r  th e  d i f f u s a n t .
1 .6 .1 .3 .3  S o lu te  S tr u c tu r e .
The r a te  of d i f f u s io n  and perm eation  o f s o lu te s  o f h igh  
m olecu lar volume i s  g e n e r a lly  low er fo r  a g iv e n  polym er than th o se  
w ith  a r e l a t iv e l y  low er m olecu lar vplume. R o d e ll e t  a l  (1966) found  
th a t  as the m o lecu lar  s i z e  of a s e r ie s  of 4 -h yd roxyb en zoates  
in c r e a se d , th e  r a te  o f d i f f u s io n  and perm eation  in  nylon  d ecrea sed . 
The c o n f ig u r a t io n  o f a s u b s t itu e n t ,  and i t s  e f f e c t  on mass 
tra n sp o r t in  n y lon  6 h as a ls o  been dem onstrated u sin g  a s e r ie s  of 
hydroxybenzoic a c id  d e r iv a t iv e s .  The d i f f u s io n  r a te  of 2 -hydroxy- 
b en zo ic  acid  was shown to  be g r e a te r  than th e  3""and 4 - s u b s t itu te d  
d e r iv a t iv e s  in d ic a t in g  th a t  s t e r i c  e f f e c t s  may a l t e r  r e la t iv e  r a te s  
o f  s o lu te  tr a n sp o r t (R o d e ll e t  a l 1966).
1 .6 .1 .3 .4  Polymer A d d it iv e s .
A d d itiv e s  such as f i l l e r s  and p la s t i c i z e r s  are  used in  many
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polymer form u la tion s to  m odify th e m ed icin a l p r o p e r t ie s  of the  
p la s t i c  m a ter ia l o r  i t s  appearance. F i l l e r s  and p la s t i c i z e r s  w i l l  
a ls o  a f f e c t  d i f f u s io n  a s  segm ental m otion in  th e  m atrix  i s  
g e n e r a lly  a f f e c te d  by th e  p resen ce of th e se  a d d it iv e s  (Brydson 1 9 7 0 ). 
P h th a la te  and c i t r a t e  p la s t i c i z e r s  have been shown to  in c r e a se  th e  
d if f u s io n  o f e th y l  4-am inobenzoate in  P.V.C (Bray 1 9 7 7 ). C onversely , 
f i l l e r s  have been demonstrated to  reduce th e  p erm ea b ility  of a 
s ila s to m e r  polym er, to  4 - am inoacetophenone(Flynn and Roseman 1971) 
and s i l a s t i c  to  e th y l  4-am inobenzoate (Most 1 9 70 ).
1 .6 .2  D if fu s io n  in  A ctiv e  Carbon S orb en ts.
The l im it in g  step  in  th e  r a te  of iq>take of s o lu te s  by a c t iv e  
carbon i s  g e n e r a l ly  con sid ered  to  be th e  in tr a p o r e  d i f f u s io n  o f  
s o lu t e .  The approach vb ich  c o r r e c t ly  c h a r a c te r is e s  th e  d if f u s io n  
p r o p e r t ie s  of a c t iv e  carbon so rb en ts  in v o lv e s  s o lu t io n  of eq u ation
1 .1 5  fo r  an ap p ro p ria te  s e t  of boundary c o n d it io n s  ^ i c h  w i l l  a ls o  
determ ine th e  experim ental d e s ig n . U nlike polym eric sorb en t system s, 
a c t iv e  carbon k in e t ic s  experim ents are r e s t r ic t e d  to  th e  so r p tio n  
o f  s o lu te s  from w e l l - s t ir r e d  s o lu t io n s  of lim ite d  volum e. The 
k in e t ic s  o f mass tr a n s fe r  w ith in  a c t iv e  carbon so rb en ts  has  
re c e iv e d  l i t t l e  a t t e n t io n  due to  th e  ccm p lex ity  of r e la t in g  th e  
s o lu t io n  o f eq u a tio n  1 .15  to  a r e a l i s t i c  model o f th e  l i k e ly  
mechanism o f s o r p t io n . A ttem pts have been made to  o b ta in  v a lu es  
o f  th e  d i f f u s io n  c o e f f i c i e n t  fo r  mass tr a n s fe r  in  a c t iv e  carbon, 
th e s e  a re  d isc u sse d  in  th e  next s e c t io n .
S evera l workers have s e le c te d  th e  most m ath em atica lly  
con ven ien t model s o lu t io n  to  F ick *s second law (eq u a tio n  1 .1 5 )  
d e s p it e  th e  p r a c t ic a l  d i f f i c u l t i e s  encountered when tr y in g  to  
comply w ith  th e  boundary c o n d it io n s . When s o lu te  d if f u s e s  from a
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s o lu t io n ,  vb ich  remains a t  co n sta n t c o n cen tra tio n  throughout th e  
d eterm in a tio n , in to  a sorb en t Which i s  sp h e r ic a l and homogenous 
th e  d if f u s io n  c o e f f i c i e n t  can be c a lc u la te d  from eq u ation s 1 .28  
or 1 .29 (Crank 1956 ),
6 (D t)^  -  3Dt^ ; fo r  ^  0 .4   ( 1 .2 8 ) .
m'^  ®eq
c r-  n^D.t^ ^





where = c o n c e n tr a tio n  per u n it  w eigh t in  th e  carbon
a t  tim e t
C
M = c o n c e n tr a tio n  per u n it  w eigh t in  th e  carbon
eq
a t  eq u ilib r iu m
Equations of th e typ e 1 .28  and 1 .29  have been used in  s tu d ie s  of 
th e  k in e t ic s  of so r p t io n  from th e  gas p h ase . The con sta n t  
co n c e n tr a tio n  boundary c o n d it io n  i s  ach ieved  by p a ssin g  a stream  
o f  gas over th e  a d sorb en t, th en  w eigh in g  th e  adsorbent m a ter ia l 
on a m icrobalan ce to  a s s e s s  th e  uptake (Habgood 1958). T h is  
method i s  n ot s t r i c t l y  a p p lic a b le  to  so r p tio n  from s o lu t io n  as
s o lu t e  In take i s  estim ated  by th e  change in  co n cen tra tio n  o f th e
s o lu t e  in  th e  s o lu t io n  (e q u a tio n  1 .1 ) .  T h is i s  c le a r ly  n ot 
s a t is f a c t o r y  \b e n  eq u a tio n s 1 .2 8  and 1 .29  a re  on ly  v a l id  i f  th e  
s o lu t io n  c o n c e n tr a tio n  remains c o n sta n t. The d i f f u s io n  c o e f f i c i e n t s  
o f  s a l i c y l i c  a c id  and h ip p u r ic  acid  in  a c t iv e  carbon have been  
determ ined u sin g  a la r g e  volume of s o lu t io n  such th a t  th e  
c o n c e n tr a tio n , a l t h o u ^  changing co n tin u o u sly , remained e f f e c t i v e l y  
co n sta n t (D edrick  e t  a l  1 9 6 7 ). T h eo re tica l cu rves of th e
G 9
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fr a c t io n a l  approach to  eq u ilib r iu m  versu s Dt /a  (where a i s  th e
e q u iv a le n t sphere rad ius fo r  th e  carbon g ra n u les) were produced
u sin g  equations 1 .28 or 1 .29  and matched to  ex p er im en ta lly
determ ined p lo t s ,  to  o b ta in  D. The experim ental o b se r v a tio n  th a t
th e  p lo t  o f M /M  ^ v ersu s  t^  was l in e a r  up to  a v a lu e  o f  0 .6  cq
in d ic a te d  th a t  eq u a tio n  1 .28  cou ld  be u sed . Parkash (1974) 
obtained  D v a lu e s  fo r  th e  so r p tio n  of Paraquat and D iquat onto  
a c t iv e  carbon u sin g  a m odified  eq u ation  1 .28  (eq u a tio n  1 .3 0 ) .
X r  1  • i c  • 1 (1 .3 0 )
dt
3
where V * A  ^ ^ * th e sphere volum e.
3
2
A » 4 71 a =. the sphere su r fa c e  area
c
dm = th e  s lo p e  o f th e  l in e a r  reg io n  o f  th e
— ^dt transform ed k in e t ic  p r o f i l e
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Parkash determ ined th e  s o r p t io n  k in e t ic  p r o f i l e  from lim ite d  volum e, 
app aren tly  making no attem pt to  comply w ith  th e  c o n s tr a in ts  o f th e  
boundary co n d itio n s  im p l ic i t  in  th e  u se  o f eq u ation  1 .3 0 . A lthough  
a l in e a r  p lo t  of uptake v ersu s t  was ob ta ined  i t  i s  not c le a r  
w hether th e  v a lu e s  of D ob ta in ed  from t h i s  stud y  a re  v a l id .
The experim ental o b se r v a tio n  th a t  th e  s o lu t e  uptake when p lo t te d  a s  
a fu n c t io n  of t  g iv e s  r i s e  to  a l in e a r  p lo t  has been used to  
c h a r a c te r is e  so r p tio n  r a te s .  Weber and M orris (1963) d efin ed  a 
r e la t iv e  r a te  con stan t as th e  s lo p e  of th e  i n t i a l  l in e a r  r e g io n  o f
h  -th e  In take versu s t  p lo t .  They did n ot a ttem pt to  c a lc u la te  D 
but used th e  so r p tio n  r a t e  co n sta n t as a r e l a t iv e  e s t im a te  of 
th e  i n i t i a l  r a te s  of so r p t io n  of v a r io u s  s o lu t e s  under d if f e r e n t  
i n i t i a l  c o n d it io n s . These workers em phasised th a t  th e  r e la t iv e  
r a te  co n stan t i s  on ly  an em p ir ica l e s t im a te  of r e la t iv e  r a te s  when
n   ^
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a standard apparatus i s  used in  i t s  d eterm in a tio n . Furtherm ore, 
th e  v a lu e  of the r a te  con sta n t i s  a fu n c t io n  o f th e  dim ensions of 
th e  apparatus as w e ll  a s  th e  mass tr a n s fe r  c h a r a c t e r is t ic s  of th e  
so rb en t.
The experim ental procedures developed  to  so lv e  F ick *s second  
law a re  c le a r ly  u n sa t is fa c to r y  fo r  th e  reasons s t a t e d .  S orp tion  
from a lim ite d  volume of s o lu t io n  which con ta in s  a f i n i t e  amount of 
s o lu t e  w i l l  be ch a ra c te r ised  by a tim e-dependent boundary c o n d it io n  
a s  th e  co n cen tra tio n  of s o lu te  d ecrea ses  and so r p t io n  p ro ceed s. A 
method of s o lu t io n  which in co rp o ra tes  a tim e-dependent boundary 
c o n d it io n  w i l l  be a more p r e c is e  r e p r e se n ta t io n  o f th e a c tu a l  
s o r p t io n  p r o c e s s . The so r p tio n  of s o lu te s  by a c t iv e  carbon g e n e r a lly  
g iv e s  r i s e  to  n o n -lin e a r  L type isotherm s \d iich  fu r th e r  com p lica tes  
th e  s o lu t io n  to  eq u ation  1 .1 5 . In many c a se s  i t  i s  con ven ien t but in ­
c o r r e c t  to  assume th a t th e  uptake of s o lu te  i s  a l in e a r  fu n c tio n  
o f  th e  eq u ilib r iu m  co n cen tra tio n  i . e .  th a t  so r p t io n  i s  d escr ib ed  by 
a C typ e iso th erm . I t  i s ,  th e r e fo r e , im portant th a t  a s o lu t io n  to  
eq u a tio n  1 .1 5  in co r p o r a te s  ex p ress io n s  which en su re th a t  L type  
isotherm  behaviour i s  taken in to  c o n s id e r a t io n . Two s o lu t io n s  to  
eq u a tio n  1 .1 5  in c lu d e  a tim e-dependent boundary c o n d it io n  w ith  non­
l in e a r  isotherm  behaviour which can be used to  e v a lu a te  th e  
experim ental data  ob ta ined  from f i n i t e ,  lim ite d  volume c o n d it io n s .  
T hese s o lu t io n s  proposed by T ien  and Thodos (1960) and Weber and 
Rumer (1965) a re  d iscu sse d  in  th e  next s e c t io n .
A s o lu t io n  to  eq u ation  1 .15  has been derived  where th e  mass 
o f  s o lu t e  a t  th e  su r fa c e  o f th e  sphere i s  a known fu n c t io n  o f  
tim e (Crank 1 9 5 6 ). The co n cen tra tio n  grad ien t betw een th e  su r fa c e  
o f  th e  " sp h er ica l"  sorb en t and i t s  c e n tr e  which i s  i n i t i a l l y  z e r o ,
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c o n t in u a lly  changes as a fu n c tio n  o f tim e as s o lu te  i s  taken up.
The mass a t  th e  su r fa c e  can be determ ined as a fu n c t io n  of time 
i f  th e  bulk  phase s o lu t io n  co n cen tra tio n  i s  known and th e  isotherm  
c o n s ta n ts  are a v a i la b le .  T h is su b su rface  mass o f s o lu te  i s  r e la te d  
t o  tim e by a v i r i a l  eq u a tio n  of th e form shown in  eq u ation  1 .31  
which i s  used as  a tim e-dependent boundary c o n d it io n  in  th e  
s o lu t io n  of eq u a tio n  1 .15  (T ien  and Thodos 1 9 6 0 ).
"[(subsurface) '  & + Bt + Ct= ..................................   (1 .3 1 ).
c
M . . _ . = mass o f s o lu te  sorbed a t  th e  su b su rfacet  (su b su rfa ce )
corresponding to  th e  bu lk  c o n cen tra tio n  
a t  tim e, t .
A. B. C = V ir ia l  c o e f f i c i e n t s .
The f in a l  r e la t io n s h ip ,  em ploying eq u ation  1 .3 1 , fo r  u se  to  
c a lc u la t e  th e  t h e o r e t ic a l  curve fo r  m atching to  th e  experim ental  ^
d ata  i s  g iv e n  in  eq u a tio n  1 .3 2 ,
= 1.0 0., 1 exp ( -T L ^ n^  \ + 0?^ -  " 71 1.
"t \n^   ^ ^  n' i \ '■15  ^ J
n=l
t(su b su r fa c e )
+ 03^?? -  12^  ^ + 12 Y' I exp  ^  (1 .3 2 ) .












mass o f s o lu te  sorbed a t  tim e t .
mass o f s o lu te  sorbed a t  th e  su b su rface  
corresponding to  th e t ( s u b s u r fa c e )  both
co n cen tra tio n  a t  tim e t .
2
A /  A + Bt + Ct
Bt /  A + Bt + Ct
2 2 
Ct /  A + Bt + Ct 
2 .  
a /D t
c c
The curve m atching procedure in v o lv e s  p lo t t in g  M /M , ,  ^ .
t  t (su b su r fa c e )
a s  a fu n c t io n  o f tim e from eq u a tio n  1 .2 6  fo r  a r b itr a r y  v a lu e s  
o f   ^ . At t h is  p o in t where the experim ental and th e o r e t ic a l  curves  
in t e r s e c t  D can be c a lc u la te d  from eq u a tio n  1 .3 3
(1 .3 3 )
D . t
( in t e r s e c t io n )
As ^ i s  a r b i t r a r i ly  s e t ,  a i s  known and th e  in t e r s e c t io n  tim e i s  
obtained  by curve m atch ing, D can then be so lv ed  as th e rem aining  
unknown. M eier (1972) ob ta in ed  v a lu e s  of D in  th e  range
-11  2 -1 4  2 _ i
1 .2  X 10 m se c  ( t -b u ta n o l)  to  1 .9  x  10 m se c  (v itam in  B^g) 
fo r  th e so r p tio n  of s o lu te s  of vary in g  m olecu lar w eigh t by a c t iv e
carbon. The D v a lu e  fo r  th e  so r p t io n  o f phenol by a c t iv e  carbon
—12  ^ ” 1u sin g  t h i s  method was reported  to  be 6 .9  x 10 m se c  (M ille r  and 
Clump 1970).
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The p rev iou s m odels fo r  in tr a so r b e n t d if f u s io n  have assumed th a t  
th e  " sp h er ica l"  sorb en t i s  homogeneous and th a t a l l  o f  the s o lu te  
p resen t in  the gran u le  i s  f r e e  to  d i f f u s e .  These models have 
appeared to  n e g le c t  the h igh  a c t iv i t y  o f carbon and th e  p o s s i b i l i t y  
th a t s ig n i f ic a n t  q u a n t it ie s  o f  s o lu te  may be adsorbed from the  
lumen o f  pores on to  th e  pore w a ll (Weber and Rumer 1 9 6 5 ). They 
proposed th e pore d if f u s io n  model fo r  so r p tio n  where s o lu te  taken  
up by the sorb en t i s  su b d iv id ed  in to  fr e e  s o lu te  and im m obilised  
s o lu t e .  The model a ttem p ts to  o b ta in  D by s o lu t io n  o f  P ic k ’ s 
eq u ation  w ith  an added term to  account fo r  im m obilised  s o lu te  
(eq u ation  1 .3 4 ) .
dc^ « D.d dc^ -  dM^  ..............................  (1 .3 4 )
I T  - d T -  d t "
The com p lex ity  o f  eq u a tio n  1 .3 4  e s p e c ia l ly  i f  th e so r p tio n  iso th erm  
i s  n o n lin e a r , p r o h ib it s  a s o lu t io n  by c a lc u lu s  (a s o - c a l le d  
a n a ly t ic a l  s o lu t io n ) .  The s o lu t io n  o f  eq u ation  1 .3 4  i s  ob ta in ed  by 
the method o f  f i n i t e  d if fe r e n c e s  (Crank 1956) which i s  ex p la in ed  in  
d e t a i l  in  appendix 3 . The p r in c ip le  o f  the s o lu t io n  in v o lv e s  sub­
d iv id in g  the sphere in to  a number o f  c o n c e n tr ic  s h e l l s  a cro ss  w hich  
the c o n cen tra tio n  g ra d ie n t i s  l in e a r .  F in i t e  d if fe r e n c e  eq u a tio n s  
are used  in  p la c e  o f  the d i f f e r e n t i a l s  in  eq u ation  1 .34  such th a t  
the co n cen tra tio n  o f  s o lu te  o f  each s h e l l : s h e l l  in te r fa c e  i s  
o b ta in a b le  as a fu n c t io n  o f  tim e and r a d ia l d is ta n c e  in to  th e sphere. 
The so r p tio n  iso th erm  i s  used to  c a lc u la te  th e amount o f  s o lu te  a t  
the s h e l l : s h e l l  in t e r f a c e  w hich i s  f r e e  and bound. As the
n r
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c a lc u la t io n  p roceed s, m a ter ia l i s  balanced betw een th e sphere and
th e  surrounding s o lu t io n  such th a t as tim e p ro ceed s, s o lu te  i s
in cr em en ta lly  d ep le ted  from s o lu t io n .  The c a lc u la t io n  procedure
produces a th e o r e t ic a l  curve of p ercen tage r e s id u a l i n i t i a l
—  2
c o n c e n tr a tio n  v ersu s D t/a  , which can be matched to  experim ental 
d ata  to  o b ta in  D. Weber and Rumer succeeded in  a c c u r a te ly  
p r e d ic t in g  th e  shape o f th e  so r p tio n  r a te  p r o f i l e  fo r  a s e r ie s  of  
a lk y l  benzenesu lphonate d e r iv a t iv e s .  The D v a lu e s  rep orted  were o f ’ 
th e  order 10 -  10 m se c  which are approxim ately  fou r orders
o f  magnitude h ig h er  than th ose  c a lc u la te d  by th e  homogeneous sphere  
m odel•
1 .6 .2 .1  F actors A f fe c t in g  th e  Dynamic S orp tion  o f S o lu te s  by 
A ctiv e  Carbon.
The fa c to r s  a f f e c t in g  th e  dynamic so r p tio n  o f s o lu t e s  by a c t iv e  
carbon are s im ila r  to  th o se  fo r  so r p tio n  in  polym ers as the  
d if f u s io n  p ro cess  i s  fundam ental to  the nature o f mass tra n sp o rt in  
both  so r b e n ts . The r e la t iv e  so r p tio n  r a te  co n sta n t i s  an em p ir ica l 
param eter and, as such , i s  dependent upon the nature of th e  mass 
tra n sp o r t c h a r a c t e r is t ic s  of the sorbent and th e d im ensions o f the  
exp erim en ta l system . The d i f f u s io n  c o e f f i c ie n t  i s ,  however, a more 
fundam ental param eter and fo r  any g iv en  s o lu te  a t  a g iv en  
tem perature i s  a fu n c tio n  o f the mass tra n sp o rt p r o p e r t ie s  o f the  
sorb en t a lo n e .
1 .6 .2 .1 .1  Tem perature.
The r a te  o f so r p tio n  by a c t iv e  carbon in c r e a se s  as tem perature  
in c r e a s e s .  Both th e r e la t iv e  r a te  con stan t and th e  d if fu s io n  
c o e f f i c i e n t  param eters are tem perature dependent and can be r e la te d  
to  tem perature u s in g  th e  A rrhenius r e la t io n s h ip  (eq u a tio n  1 .2 8 ) .  The
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A rrhenius p lo t  can be used to  o b ta in  an a c t iv a t io n  energy fo r  the  
d if fu s io n  p r o c e s s . A v a lu e  o f 15 KJ mol  ^ was ob ta in ed  fo r  the  
so rp tio n  o f  3 -d od ecy l benzenesu lphonate by a c t iv e  carbon u sin g  
r a te  con sta n t data (Weber and M orris 1963) and 20 KJ mol  ^ and 
28 KJ mol  ^ were ob ta in ed  fo r  D iquat and Paraquat, r e s p e c t iv e ly ,  
on a c t iv e  carbon u sin g  d if fu s io n  c o e f f i c i e n t  data (Parkash 1974 ).
1 .6 .2 .1 .2  E xperim ental C o n d itio n s.
The s t ir r in g  r a te  was shown to  in f lu e n c e  th e  r a te  o f ad sorp tion  
o f  3 -d od ecy l benzenesu lphonate by a c t iv e  carbon below  500 rpm 
(Weber and M orris 1 9 63 ). This e f f e c t  was a ttr ib u te d  to  the  
c o n tr ib u tio n  to  o v e r a l l  d if fu s io n  o f  th e  s t a t i c  boundary la y e r  which  
i s  h igh er a t  low s t ir r in g  r a te s  but i s  e lim in a ted  a t h igh  s t ir r in g  
r a t e s .  The r a te  o f  so r p tio n  was found to  in c r e a se  in  p ro p o rtio n  to  
the sq u a re-ro o t o f  the i n i t i a l  s o lu te  c o n c e n tr a tio n . The s lo p e s  o f  
the p ercen tage r e s id u a l i n i t i a l  co n cen tra tio n  v ersu s tim e p r o f i l e  
were g rea te r  fo r  d i lu t e  s o lu t io n s  than fo r  more con cen trated  o n es , 
although  the o v e r a l l  mass o f  s o lu te  removed was l e s s  (Weber and 
M orris 1963 ). A la t e r  study c a lc u la t in g  D by th e method o f f i n i t e  
d if fe r e n c e s  (Appendix 3) dem onstrated th a t ,  provided  th e e f f e c t  o f  
f ilm  d if fu s io n  was e lim in a ted  a t h igh  s t ir r in g  r a te ,  th e  d if fu s io n  
c o e f f i c i e n t  was v ir t u a l ly  independent o f  exp erim en ta l c o n d itio n s  
(Weber and Rumer 1965).
1 .6 .2 .1 .3  S o lu te  S tr u c tu r e .
As w ith  the polymer sy stem s, an in c r e a se  in  m olecu lar volume 
o f  the s o lu te  d ecrea ses  th e r a te  o f  so r p tio n . Weber and M orris (1 9 6 3 ), 
dem onstrated th a t  as th e chain  le n g th  o f  the a lk y l s u b s t itu e n t  in  a
r;r*j 
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s e r ie s  of a lk y l  ben zen esu lp h onates in c r e a se d , th e  r a te  o f s o r p t io n ,  
rep resen ted  by th e  r a te  c o n sta n t , d ecrea sed . A s t e r i c  e f f e c t  was 
a ls o  shown to  be im portant as d if f e r e n t  s u b s t i t u t io n  p a tte r n s  fo r  
m olecu les o f th e  same m olecu lar w eight a f f e c te d  th e  r a te  o f s o lu te  
t r a n s fe r .  The m olecu lar s i z e  e f f e c t  was a ls o  apparent when D 
v a lu e s  were used to  rep resen t th e ra te  of so r p tio n  (Weber and 
Rumer 1965).
1 .6 .2 .1 .4  Sorbent S tr u c tu r e .
The a c t iv a t io n  p ro cess  in f lu e n c e s  th e nature o f the in te r n a l
pore network vdiich in  turn a f f e c t s  th e  r a te  o f so r p t io n . The
uptake of Paraquat by v a r io u s  a c t iv e  carbons has been shown to  be
in flu en ce d  by th e  d if f e r e n t  pore networks a r is in g  from d if f e r e n t
c o n d itio n s  o f a c t iv a t io n  (Parkash 1974 ). Two sam ples of an
a c t iv e  carbon were used w ith  B .E .T . su r fa ce  areas o f 660 and 1280
m g As th e  su r fa c e  area was in crea sed  th e  r a te  con sta n t fo r
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th e  so r p tio n  o f Paraquat in crea sed  from 3 .3  to  7 .1  x 10 pmolg 
hr^ r e s p e c t iv e ly .  The in c r e a se  in  the r a te  o f so r p tio n  was c le a r ly  
a f fe c te d  by th e  d egree of a c t iv a t io n ,  however, no mechanism was 
proposed to  account fo r  th e se  f in d in g s .
The d if f u s io n  c o e f f i c i e n t s  fo r  a range o f s o lu te s  of v a r io u s  
m olecu lar volume have been shown to  c o r r e la te  w ith  th e d if f u s io n  
c o e f f i c i e n t s  in  w ater  (Weber and Rumer 1965, M eier e t  a l  1 9 7 2 ).
In t h i s  ca se  th e  carbon pores would not a f f e c t  th e r a te  o f mass 
tr a n s fe r  and, provided  th a t  th e  pore s i z e s  were g r e a te r  than th e  
m olecu lar volume o f the d if fu s in g  s o lu t e ,  th e  so r p tio n  p ro cess  
would be expected  to  be independent of the nature o f the a c t iv a t io n  
p r o c e ss . The f in d in g s  o f Parkash, Weber e t  a l  and M eier e t  a l  
would th e r e fo r e  appear to  be c o n f l i c t in g .
1 .6 .2 .1 .5  pH.
The e f f e c t  of pH has been shown to  in f lu e n c e  th e  r a te  o f  
so r p tio n  fo r  stron g  and weak organ ic  e l e c t r o ly t e s  over a much 
g r e a te r  range than th e s o lu te  pka ± 2 pH u n it s  (Weber and M orris 
1 9 6 3 ). The e f f e c t  was a ttr ib u te d  to  complex io n is a t io n  s t a t e s  
in v o lv in g  both  the s o lu te  and a c id ic  and b a s ic  groups on the  
carbon s u r fa c e .
1 .7  SORPTION FROM DILUTE BINARY SOLUTE SOLUTION.
The stud y  o f s o lu te  so r p tio n  from d i lu t e  s o lu t io n  i s  concerned  
w ith  th e measurement of th e  uptake, or su r fa ce  e x c e ss  o f the s o lu t e ,  
exclu d in g  th e  so r p tio n  o f th e  second component in  th e s o lu t io n ,  th e  
s o lv e n t .  The a d d it io n  o f a th ird  component may a f f e c t  t h i s  system  
in  s e v e r a l ways which are l i k e ly  to  be m a n ifest in  a change in  th e  
so r p tio n  c h a r a c t e r is t ic s  o f the o r ig in a l  s o lu t e .  F i r s t l y ,  th e  
second s p e c ie s  (component 2 ) may a c t as a c o so lv e n t  fo r  th e  f i r s t  
or o r ig in a l s o lu te  (component 1 ) ,  thus in c r e a s in g  th e  s o lu t e - s o lv e n t /  
c o so lv e n t  in t e r a c t io n  and reducing th e o v e r a l l  e x te n t  o f s o r p t io n .  
Second ly , component 2 may be taken up by the sorbent s im u lta n eo u sly  
w ith  component 1 and co m p etitio n  may a r is e  betw een them fo r  common 
and lim ite d  ad so rp tio n  s i t e s .  A gain, t h is  w i l l  r e s u lt  in  a low ering  
o f  uptake o f component 1 , component 2 or b o th . T h ird ly , component 
2 may in te r a c t  w ith  component 1 form ing a s ta b le  complex which has 
a com p lete ly  d if f e r e n t  so r p tio n  p r o f i l e  to  each o f th e in d iv id u a l  
s o lu t e s .  T h is w i l l  r e s u l t  in  an a lte r e d  so r p tio n  p r o f i l e  fo r  
each o f th e  com ponents. L a s t ly ,  and p a r t ic u la r ly  in  th e ca se  o f  
polym eric so r b e n ts , component 2 in  the system  may a c t  as a 
p l a s t i c i z e r ,  a l t e r in g  th e  p h y s ic a l s tr u c tu r e  o f th e  m atrix  and in  
so  d o in g , a f f e c t in g  th e  so r p tio n  p r o f i l e  o f component 1 .
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1 .7 .1  The S o rp tio n  of S o lu te s  from Binary S o lu te  S o lu tio n s  
by Polym ers.
The a d d it io n  of ethanol and po1ye th y le  n eg ly c  o l (PEG) 400 to  
a s o lu t io n  of e th y l 4-am inobenzoate was shown to  reduce th e  so r p tio n  
o f  e th y l 4-am inbenzoate by n y lo n  6 (R ichardson 1 9 73 ). The ex ten t o f  
so r p t io n  decreased  a s  th e  c o n c e n tr a tio n  o f eth an o l and (PEG) 400  
in c r e a se d , and t h i s  e f f e c t  was a ttr ib u te d  to  th e se  two s o lu te s  
a c t in g  a s  c o s o lv e n ts  fo r  e th y l 4-am inobenzoate. The Van’ t  H off 
iso c b o r e s  fo r  th e  so r p t io n  of e th y l 4-am inobenzoate in  th e  p resen ce  
o f  ethanol did n o t p o s se s s  th e  c h a r a c t e r is t ic  p o in t of in f le x io n  
a sso c ia te d  w ith  secondary phase t r a n s it io n s  in  th e  polym er. I t  w as, 
th e r e fo r e , su ggested  th a t  eth an o l cou ld  a ls o  act as a p l a s t i c i z e r  
fo r  nylon 6 . S im ila r  f in d in g s  have been reported  fo r  th e c o so lv e n t  
e f f e c t  of ethanol and a ce to n e  on the so r p t io n  of mono and d i-h y d r ic  
phenols by a n y lon  polymer from aqueous s o lu t io n  (B elyaeva and 
Bykova, 1975).
The perm eation  of n y lon  f ilm s  by quaternary ammonium compounds 
have been shown to  be enhanced by th e  c o so r p tio n  of the p e r c h lo r a te  
io n  (Agren e t  al 1974). P er c h lo r a te  io n s are known to  form io n  
p a ir s  w ith  quaternary ammonium compounds and th e  so r p tio n  of th e  
n eu tra l io n -p a ir  complex vrould appear to  be favoured . S orp tion  o f  
th e  sa l ic y  l a t e  io n  in  the form of an io n -p a ir  complex has s im ila r ly  
been dem onstrated.
C om petitive s o r p t io n  p r o c e sse s  have been reported  fo r  th e  
co lo u r in g  of n y lon  f ib r e s  by a c id  dyes (E ncyclopaedia  of Polymer 
S c ie n c e  and T ech n o lo g y ). T h is phenomenon i s  e x p lo ite d  com m ercially  
in  th e dyeing u n it -p r o c e s s  known as l e v e l l i n g  where a more uniform  
d is t r ib u t io n  of the ac id  dye i s  ach ieved  in  th e p la s t i c  by th e
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a d d it io n  of large c o lo u r le s s  su r fa c ta n t  io n s . As th e dye i s  
taken  up by th e  p la s t i c  m a ter ia l i t  encounters co m p etitio n  from 
th e  c o lo u r le s s  su r fa c ta n t  and co n seq u en tly  th e  r a te  o f dye-bath  
e x h a u stio n  i s  low ered w ith  a consequent Improvement in  co lo u r  
u n ifo r m ity . T h is p ro cess  i s  on ly  a p p lic a b le  to  th e dyeing of 
p l a s t i c s  where th e  dye-polym er I n te r a c t io n  i s  due to  an io n  
exchange mechanism
1 .7 .2  The S o rp tio n  o f S o lu te s  from Binary S o lu te  S o lu t io n  by 
A c tiv e  Carbon.
Due to  th e  h igh  a c t iv i t y  o f a c t iv e  carbon and i t s  a f f in i t y  
f o r  a w ide range of s o lu te s ,  m ost o f th e  b inary  s o lu te  system s  
s tu d ie d  have g iv en  r i s e  to  co m p etit iv e  so r p tio n  or replacem ent 
a d so r p tio n  in t e r a c t io n s .
E a r lie r  s tu d ie s  have in d ic a te d  th a t  co m p etitio n  fo r  a d so rp tio n  
s i t e s  was th e  probable mechanism (K o lth o ff and Van der Groot 1929). 
S u rfa ce  te n s io n  experim ents a t  the a ir - s o lu t io n  in t e r f a c e  showed 
th a t  th e  su r fa c e  t e n s io n  of phenol was u n a ffe c ted  by th e  p resen ce  
o f  hydroquinol or r e s o r c in o l . Both hydroquinol and r e s o r c in o l  
w ere, however, ab le  to  reduce th e  uptake of phenol on a c t iv e  carbon. 
F u rth er s tu d ie s  showed th a t  th e  re d u c tio n  in  a d so rp tio n  of one 
s o lu t e  in  th e p resen ce  of a p r e f e r e n t ia l ly  adsorbed com p etitor  was 
a r e l a t iv e  e f f e c t  and depended upon th e  so r p t io n  c h a r a c t e r is t ic s  of 
b oth  s p e c ie s .  T h is was dem onstrated by th e  d isp lacem ent of hydro­
q u in o l by p a r a c r e so l, and th e  d isp lacem ent o f la c t o s e  by p h en o l.
The gen era l p r in c ip le s  of th e  co m p etit iv e  so r p tio n  p ro cess  were 
confirm ed by s tu d ie s  o f th e  s o r p t io n  o f weak a l ip h a t ic  and arom atic  
a c id s  by a c t iv e  carbon (Ockrent 1 9 3 2 ). In a l l  c a se s  th e  more 
s tr o n g ly  adsorbed s p e c ie s  was p r e f e r e n t ia l ly  adsorbed a s  shown by
01
th e  d isp lacem ent of a c e t i c ,  form ic and t r ic h lo r a c e t i c  a c id s  by 
b en zo ic  and s a l i c y l i c  a c id .
The isotherm s were a l l  L type in  n atu re and remained so  in  
th e  p resen ce  o f a com peting s p e c ie s .  A lth o u ^  th e  s o r p t io n  o f each  
s p e c ie s  was lowered in  co m p etitiv e  system s th e  o v e r a l l  t o t a l  uptake 
did not exceed th e t o t a l  uptake p red ic te d  from n o n -co m p etitiv e  
isotherm s fo r  th e  s in g le  s o lu te  s o r p t io n . Ockrent (1 9 3 2 ), 
con seq u en tly  m od ified  th e  Langmuir eq u ation  to  account fo r  th e  
so r p t io n  of s o lu te s  from b inary  s o lu t e  s o lu t io n  based on s in g le  
s o lu te  isotherm  param ters. The m od ified  Langmuir eq u ation s fo r  
s o r p t io n  from b in ary  s o lu te  m ixtu res are g iv en  in  eq u ation s 1 .35  
and 1 .3 6 .
-  “m a x . l h   (1-35)
 ^  ^ \  ^eql " ^2 Cgqi 
■ "max.2 % 2  .......................
1 + bz C + b '  C
eq 2 1 eq l
where a l l  sym bols fo llo w  from eq u a tio n  1 .3  and s u b s c r ip ts  1 and 2 
r e f e r  to  s o lu te  s p e c ie s  1 and 2 r e s p e c t iv e ly .
Ockrent developed  th e se  equations by assum ing th a t  n n _m ax.l max 2 ,
a sta tem ent which im p lies  th a t both s o lu t e s  adsorb onto the same 
su r fa c e  which i s  composed of e n e r g e t ic a l ly  homogenous s i t e s .
0 2
I f  t h i s  i s  th e  ca se  eq u ation  1 ,37  fo llo w s  from eq u ation s 1 .3 5
and 1 .36  and a p lo t  o f n_/n_ v ersu s C _/C shou ld  be l in e a r .  I f
1 I  e q l eqZ
th e  two s in g le  s o lu te  Langmuir equations and th o se  of the mixed
I I
system  a r e  c o n s is te n t  th e  s lo p e  of t h is  l in e a r  p lo t  b  ^ /b^ should  
equal th e  same fr a c t io n  obtained from s in g le  s o lu te  v a lu e s  of
I » I »
b  ^ and bg « S ystem atic  d e v ia t io n s  betw een b  ^ /b^ c a lc u la te d  
from th e m ixture and th e  two s in g le  s o lu te  system s were ev id en t  
su g g e stin g
n * b ’ . C  (1 .3 7 )
1 1 e q l
"2  ^2  "=eq2
th a t  n .and  n _ were not equal and th a t  th e  two s in g le  s o lu t e  m ax.l inax. 2
and th e  b inary s o lu te  eq u ation s were n o t c o n s is t e n t ,  a l t h o u ^  th e
p lo t  was l in e a r .  T h is  study was used as a b a s is  fo r  an in v e s t ig a t io n
o f  th e  so r p t io n  o f p h en o l, benzene su lp hon ate and n itro b en zen e  from
binary s o lu te  s o lu t io n  by a c t iv e  carbon (Weber and M orris 1 9 64 ),
The r e la t iv e  c o m p etit iv en ess  of each s o lu te  was shown to  be a fu n c t io n
o f  th e  r e la t iv e  a f f in i t y  and c o n cen tra tio n  o f th e  s o lu te s  which are
r e la te d  by th e  Langmuir eq u a tio n . The study a ls o  dem onstrated th a t
th e  to ta l  amount of s o lu te  adsorbed from th e  m ixtu res exceeded th e
s a tu r a t io n  uptakes of e i t h e r  s p e c ie s  as determ ined from s in g le  s o lu te
s o r p t io n , a l t h o u ^  good agreement was ob tained  u sin g  eq u ation s 1 .3 5
and 1 .3 6  w ith  s in g le  s o lu t e  b and n v a lu e s .  I t  was su ggestedmax
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th a t the so r p t io n  su r fa ce  fo r  each component was n o t th e  same and
th a t  co m p etitiv e  so r p tio n  could  on ly  take p la c e  on th e area  of
su r fa c e  common to  both s o lu t e s .  Equations 1 .3 0  and 1 .31  were
m odified  to  account fo r  t h i s  proposed common area  e f f e c t  by
a d ju st in g  th e  n term (J a in  and Snoeyink 1 9 7 3 ). U sing s im ila r  max
s o lu te s  to  Weber and M orris, th e  c o m p etitiv e  so r p t io n  e f f e c t  was 
confirm ed. I t  was assumed th a t  th e e x c e s s  area  fo r  so r p t io n  i s  
g iv e n  by eq u a tio n  1 .3 8 ,
n = % — n
e x c lu s iv e . 1 m ax.l max 2 .
“ max 1 ^ “max 2  (1 .3 8 )
E quation 1 .3 5  was th en  m od ified  to  r e la t e  uptake to  th e  amount 
o f  so r p t io n  ta k in g  p la c e  on the common and e x c lu s iv e  a rea s  g iv in g  
r i s e  to  eq u ation  1 .3 9 .
I I
n = n b C n „ b C ,
1 e x c lu s iv e .  1 1 e q l max. 2 1 eq l
1 + b ' c  1 + b ’ C + b * C
1 e q l 1 e q l 2 eq2
(1 .3 9 )
E quation 1 ,39  was then  used in  co n ju n ctio n  w ith  eq u ation  1 .3 6  to
p r e d ic t  co m p etitiv e  so r p tio n  based on b and n param eters
max
determ ined from s in g le  s o lu te  iso th erm s.
The uptake o f s o lu te s  was s u c c e s s f u l ly  p red ic ted  u sin g  s in g le
s o lu t e  Langmuir isotherm  c o n sta n ts  and by ap p ly in g  com binations of
eq u ation s 1 .3 3  and 1 .36  or equations 1 .39  and 1 .3 6  a s  th e  n
max
terms of both  s o lu t e s  were, c o in c id e n t a l ly ,  s im ila r .  T his  
c a lc u la t io n  procedure was n o t capable of p r e d ic tin g  s o lu te  uptake 
when one or  o th er  s p e c ie s  was taken  up in  th e  io n is e d  form.
The so r p t io n  of phenol, 4 -n itro p h en o l and p a r a -c r e so l by a c t iv e  
carbon from b in ary  s o lu te  s o lu t io n  has a ls o  been d escrib ed  u sin g  
a mixed L a n g m ir  eq u ation  of th e  type g iv en  in  eq u ation  1 .35  
m od ified  to  account fo r  behaviour on a hetrogeneous su rfa ce  
(Okasaki e t  a l 1980). The homogeneous p r e d ic t iv e  models equate  
th e  s in g le  s o lu t e  isotherm s by e lim in a t in g  th e  n ^ ^  term u sin g  
th e  Langmuir model assum ption th a t  the a v a ila b le  su r fa c e  area  i s  
a fu n c t io n  of th e  sorbent and n o t th e  a d so rp tiv e  c h a r a c te r is t ic s  
o f  th e  s o lu t e s .  In  t h is  c a se , " com p etitiven ess"  o f each s o lu te  i s  
a fu n c t io n  of a f f i n i t y ,  rep resen ted  by th e  b ’ param eter which 
i s  i t s e l f  a fu n c t io n  of a d sorp tion  energy, and th e  eq u ilib r iu m  
c o n c e n tr a t io n . The heterogeneous su r fa ce  m odel, however, f ix e s  the  
v a lu e  o f maximum uptake and s o lv e s  an eq u a tio n  o f th e  type g iven  
in  eq u a tio n  1 .3 5  fo r  th e  so r p tio n  onto a f i n i t e  number o f s i t e s  
o f  s im ila r  energy. In t h i s  method, th e  s in g le  s o lu te  isotherm  
fu n c tio n s  are equated by f ix in g  th e  energy r e la t io n s h ip  term a s  
w e l l  a s  th e  maximum uptake term such th a t  c o m p etit iv en ess  i s  a 
fu n c t io n  o f r e l a t iv e  co n cen tra tio n  o n ly .
Radke and P ra u sn itz  (1972b) developed  a method of p r e d ic tin g  binary  
s o lu t e  e q u i l ib r ia  based on the G ibb’ s iso th erm . T his method i s
ü i )
p a r t ic u la r ly  u s e fu l when s in g le  s o lu te  d ata  cannot be f i t t e d  to  th e  
Langmuir eq u ation  which i s  an im portant p r e - r e q u is i t e  to  th e  u se  of 
eq u a tio n s 1 .3 6 , 1 .3 7  and o th er  r e la t io n s h ip s  a s so c ia te d  w ith  th e  
mixed Langmuir proced u re. U nlike th e  isotherm  r e la t io n s h ip s  
d escr ib ed  p r e v io u s ly , th e  Gibbs a d so rp tio n  isotherm  g iv e s  uptake 
a s  a fu n c t io n  of c o n c e n tr a tio n  and a th ir d  param eter, th e  
in t e r f a c ia l  te n s io n  (e q u a tio n  1 .4 0 ) .
- r  -  AC d /   (1.40)eq 
R.T d C
eq
where ^  = in t e r f a c ia l  te n s io n
A = th e  su r fa c e  area o f th e  in te r fa c e
r  “ th e  su r fa c e  ex ce ss  co n cen tra tio n
-1
which ^  n : th e  uptake in  mol Kg
The procedure developed  by Radke assumes th a t  when the in t e r f a c ia l  
t e n s io n  o f th e  s in g le  s o lu t e  system s and th e  m ixture are eq u a l, th e  
b in a ry  s o lu te  uptake can be determ ined from a p p lic a t io n  of id e a l  
s o lu t io n  theory  and s in g le  s o lu t e  isotherm  d a ta . I t  i s  n ecessa ry  
t o  o b ta in  th e  in t e r f a c ia l  te n s io n  o f the s in g le  s o lu te  isotherm  
d a ta  and a rearrangem ent of eq u ation  1 .4 0  (eq u a tio n  1 .41 ) a s  in t e r ­
f a c i a l  t e n s io n  cannot be d ir e c t ly  measured a t  th e  s o l id - l iq u id  in t e r f a c e .
86
^  -  \ n/^.dC....  (1 .4 1 )
RT
where = the eq u ilib r iu m  uptake corresponding to  th e
eq u ilib r iu m  c o n cen tra tio n  Ceq
The t h e o r e t ic a l  a p p lic a t io n  o f  id e a l  s o lu t io n  thermodynamics to  
b inary s o lu te  so r p tio n  i s  c le a r ly  o u t lin e d  in  Radke’ s paper, th e  
c a lc u la t io n  procedure o n ly  w i l l  th e r e fo r e  be summarised h ere .
1) U sing eq u ation  1 .41  and th e s in g le  s o lu te  iso th erm s o b ta in
(C° ) .............................(1 .4 2 a )
and
- ^ 2  = ^2 ( ) )  _  (1 .4 2 b ) .
where C° = s in g le  s o lu te  eq u ilib r iu m  c o n cen tra tio n  o f
s o lu te  1 .
C° = s in g le  s o lu te  eq u ilib r iu m  co n cen tra tio n  o f  
s o lu te  2 .
2) I t  has been shown th a t fo r  the m ix tu re , a t  co n sta n t  
in t e r f a c ia l  te n s io n
» C ° Z ^  .............................. (1 .4 2 c )
Cg -  C° ( 1 -  Z^)  (1 .4 2 d )
where = eq u ilib r iu m  co n cen tra tio n  o f  s o lu te  1 in
m ixture
= eq u ilib r iu m  c o n cen tra tio n  o f  s o lu te  2 in  
m ixture
= adsorbed phase m ole f r a c t io n  o f  s o lu t e  1
3) As the m ixture and th e s in g le  s o lu te  system s are a t  th e  
same in t e r f a c ia l  te n s io n , eq u ation s 1 .4 2 c  and 1 .42d  can  
be s u b s t itu te d  in to  eq u ation s 1 .4 2 a  and 1.42b r e s p e c t iv e ly  
to  g iv e :
( Ç ) -  f 2 )=0   (1 .4 2 e )
z[  1 -  Zi
which i s  so lv e d  by tr ia l -a n d -e r r o r  to  o b ta in  Z^.
4) Knowing Z^(and g iv en  the co n cen tra tio n s  o f  s o lu te  1 and 2 in  
the m ix tu r e ) , the s in g le  s o lu te  eq u ilib r iu m  c o n cen tra tio n s  a t  
the same in t e r f a c ia l  te n s io n  can be d erived  from eq u ation s  
1 .4 2 c  and d.
5) Knowing C° and C°, o b ta in  n° and n^ the s in g le  s o lu te  uptakes 
fo r  s o lu te s  1 and 2 r e s p e c t iv e ly  u s in g  s in g le  s o lu te  iso therm s
6 ) The fo llo w in g  e x p r e ss io n  has been d er iv ed  to  c a lc u la te  th e
T .t o t a l  a d so r p tio n , N , in  the m ixture from s in g le  s o lu t e  data  
a t  a g iv en  in t e r f a c ia l  te n s io n





7) The eq u ilib r iu m  uptake fo r  th e  in d iv id u a l s o lu te s  in  the
‘iadsorbed phase n^  and n2 can be derived  as fo llo w s
-  K •  ( l - ^ 2 g)
/  . ( 1-Z^ ) ..................................(1 .42h )
The c a lc u la t io n  procedure i s  s tra ig h tfo rw a rd  w ith  th e  ex ce p tio n  of 
step  3 , th e  c a lc u la t io n  o f Z^, which i s  o f fundamental im portance 
to  th e  c a lc u la t io n .  T h is s ta g e  i s  so lv ed  by an i t e r a t io n  method o f  
t r ia l -a n d -e r r o r  u sing  a computer. T h is c a lc u la t io n  procedure has  
been used in  se v e r a l independent s tu d ie s  and has s u c c e s s fu l ly  
p red ic ted  a wide range of m u lt is o lu te  eq u ilib riu m  sy stem s. Radke 
and P rau sn itz  (1972b) have shown, however, th a t  th e  p r e d ic t io n  of 
system s w ith  h igh  to ta l  uptake i s  poor due to  a c t iv i t y  e f f e c t s  in  
th e  adsorbed p h ase . Jossen s e t  a l  (1978) have used th e  procedure 
s u c c e s s f u l ly  to  account fo r  th e  behaviour of p h en o l:4 -n itro p h en o l 
system s and 4 -ch lo ro p h en o l:4 -n itr o p h en o l uptake by a c t iv e  carbon.
The method was l e s s  a p p lic a b le  to  4 -n itr o p h e n o l:b e n z o ic  acid  and 4 -  
ch loroph en o l: p h e n y la c e tic  acid  system s where th e  s o lu te  was 
adsorbed in  th e  io n ise d  form in  each system . The c a lc u la t io n  
procedure has a ls o  been s u c c e s s f u l ly  ap p lied  to  phenol: a l ip h a t ic  
acid  m ixtures (M isic  and Suzuki 1975) and phenol: 4 -n itro p h en o l 
and p -c r e s o l:  4 -n itro p h en o l system s (Okazaki e t  a l  1980).
The m odels of so r p tio n  from b in ary  s o lu te  s o lu t io n  d iscu sse d  above 
have attem pted to  develop  p r e d ic t iv e  schemes fo r  th e  e q u i l ib r ia  of 
th e  two p a r t ic ip a t in g  s o lu te s  based on th e  data  o f two s in g le  s o lu te  
isotherm  e q u a tio n s . The co m p e tit iv e n e ss  o f each s o lu te  i s ,  
th e r e fo r e , ob ta in ed  from a knowledge of th e  s in g le  s o lu te  so r p t io n .
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and th e  r e s u lt in g  e q u i l ib r ia  can be p red ic ted  w ithout p r io r  
knowledge of the co m p etitiv e  so r p tio n  e q u i l ib r ia .  F r itz  and 
Schluender (1974) proposed a p u rely  em p ir ica l approach to  th e  
p r e d ic t io n  o f binary s o lu te  so r p tio n  based on the developm ent of a 
m ultiparam eter e x p r e ss io n  which was f i t t e d  to  experim ental b inary  
s o r p t io n  d a ta . A stud y  of th e so r p tio n  of phenol and 4-*nitrophenol 
from b inary s o lu te  s o lu t io n  showed th a t  th e  so r p tio n  isotherm s o f  
b oth  s o lu t e s  were Lg type and th a t  a h igh  d egree of su p p ressio n  was 
observed fo r  p h en o l, \A iereas, 4 -n itrp p h en o l was v ir t u a l ly  u n a ffe c te d .  
U sing a gen era l eq u a tio n  (eq u a tio n  1 .4 3 )  and binary s o lu te  
experim ental data , th e  variou s c o n sta n ts  were obtained  by g rap h ica l 
p roced u res.
“ l  “ ......................
where n  ^ = eq u ilib r iu m  uptake of s o lu te  1 per u n it  w eigh t  
o f  sorbent
= eq u ilib r iu m  co n cen tra tio n  of s o lu te  1
C = eq u ilib r iu m  co n cen tra tio n  of s o lu te  2 eq
= em p ir ica l co n sta n t u s u a lly  equal to  1 . 0  or  zero
a , b = em p ir ica l c o n sta n ts  from s in g le  s o lu te  isotherm  
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d a ta .
a^^, b^^, a^^, b^2 * “ em p ir ica l c o n sta n ts  from b in ary  s o lu te
isotherm  d a ta .
(The second s o lu t e  w i l l  have a s im ila r  e q u a tio n ) .
The s im ila r it y  betw een eq u ation  1 .4 3  and eq u ation  1 .3 5  i s  marked.
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F r itz  and Schluender however, u se  both  experim ental b inary and 
s in g le  s o lu te  d ata  to  o b ta in  t h e ir  c o n sta n ts , id iereas eq u ation  1 .3 5  
i s  d er ived  t o t a l l y  from s in g le  s o lu te  d a ta . The f in a l  em p ir ica l 
e x p r e ss io n s  fo r  4 -n itr o p h e n o l ( s o lu t e  1) and phenol ( s o lu te  2 ) a re  
g iv e n  in  eq u a tio n  1 .4 4  and 1 .4 5 , r e s p e c t iv e ly .
n 3 .2 5   1 .441 e q l
c + 0 .0185  
e q l eq
n^ = 2 .1 6  C
eq
0.77 0.70
eq i + 1 4 .0  C '   (1 .4 5 )
Equations 1 .4 4  and 1 .4 5  were shown to  agree  c lo s e ly  w ith  th e  
exp erim en ta l d a ta .
1 .8  DYNAMIC SORPTION FR(M BINARY SOLUTE SOLUTIONS.
A su rvey  of th e  chem ical and pharm aceutical l i t e r a t u r e  r e v e a ls  
th a t  th ere  has been  no in v e s t ig a t io n  o f th e r a te  of so r p tio n  of 
s o lu t e s  from b inary mixed aqueous s o lu t io n s  by polym ers. However, 
c o n s id e r a b le  in t e r e s t  has been shown in  th e apparent lo s s  of sorbent 
e f f i c i e n c y  of a c t iv e  carbon in  b inary s o lu te  system s w ith  re sp e c t to  
r a te s  of s o lu te  uptake, by th e  c i v i l ,  chem ical and b iom edical 
en g in e e r in g  d i s c ip l in e s .  These in v e s t ig a t io n s  are review ed below .
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1 .8 .1  THE DYNAMIC SORPTION OF SOLUTES FROM BINARY MIXED SOLUTION 
BY ACTIVE CARBON
P relim inary  s tu d ie s  in v e s t ig a t in g  th e  r a te s  of uptake of phenol 
d e r iv a t iv e s  and s u r fa c ta n ts  by a c t iv e  carbon have shown th a t  a 
mutual su p p re ss io n  o f uptake r a te  ta k es  p la c e  in  b inary s o lu te  
system s (Weber and M orris 1964b), The su r fa c ta n t m olecu les were 
shown to  supp ress th e  r a te  of uptake of th e  p h en o lic  d e r iv a t iv e s  
t o  a much h ig h e r  ex te n t than they  th em selves were a f f e c t e d .  I t  was 
su ggested  th a t  th e  mechanism of r a t e  su p p ressio n  was c o n g estio n  o f  
th e  lumen o f th e  porous channels where s t e r i c  e f f e c t s  reduced th e  
r a te  o f mass f lo w . Althougjti th e  s o r p t io n  r a te  of each s o lu te  was 
su p p ressed , th e  o v e r a l l  t o t a l  mass tr a n s fe r  o f both s o lu te s  was 
g r e a te r  than th e  r a te  of e i th e r  s o lu t e  from s in g le  s o lu te  system s.
The gen era l f in d in g s  of t h i s  study were confirm ed by an in v e s t ig a t io n  
o f  th e  r a te  o f so r p t io n  o f p h en o lic  and f a t t y  acid  d e r iv a t iv e s  
(Huang and S te f fe n s  1 9 7 6 ). As th e  homologeous s e r ie s  of f a t t y  a c id s  
ascended from a c e t i c  to  o c ta n o ic ,  th e  r a te  of so r p tio n  in c r e a se d .
The r a te  o f s o r p t io n  o f th e  p h e n o lic  d e r iv a t iv e s  in creased  as fo llo w s:  
p h en o l, 2-am inophenol, benzene 1:2  d io l  and benzene 1:3 d i o l .  I t  was 
su ggested  th a t  th e  rank ord er o f uptake fo r  th e  f a t t y  acid  d e r iv a t iv e s  
cou ld  be p red ic te d  from s o l u b i l i t y  c o n s id e r a t io n s , Adiereas th e  
rank order o f th e  p h e n o lic  d e r iv a t iv e s  appeared to  be a fu n c tio n  o f  
both  s o lu b i l i t y  and m olecu lar s i z e .  In a l l  c a se s  th e  p h en o lic  
d e r iv a t iv e s  suppressed  th e  r a te  o f so r p tio n  o f th e  fa t ty  a c id s  to  a 
much h ig h er  e x te n t  than they  th em selves were in f lu e n c e d . In c o n tr a s t  
to  th e  p rev iou s study by Weber and M orris (19 64b), th e major fa c to r  
in f lu e n c in g  r a te  su p p re ss io n  was thought to  be co m p etitiv e  ad so rp tio n  
a s  opposed to  pore c o n g e s t io n . The so r p tio n  r a te  p r o f i l e  fo r  th e
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low a f f in i t y  s o lu te  showed the p resen ce o f a minimum su g g e stin g  th a t  
disp lacem ent of s o lu te  could  be occu rrin g  The p resen ce  of a 
minimum in  the r a te  p r o f i l e  of phenol in  th e  b in ary  mixed s o lu t io n  
w ith  4 -n itro p h en o l has a ls o  been dem onstrated (F r itz  e t  a l  1978).
The so r p tio n  r a te  p r o f i l e  fo r  the uptake o f 4 -n itr o p h e n o l in  th e  
b in ary  system  was u n a ffec ted  by phenol in  c o n tr a s t  to  th a t fo r  
phenol which showed a h igh  degree of su p p ress io n  was tak in g  p la c e .  
The e f f e c t  of m olecular s iz e  on the co m p etit iv e  so r p tio n  k in e t ic s  
o f  model s o lu te s  w ith  m olecular w eigh ts ranging from 113 (c r e a t in in e )  
to  500 ( in u lin )  has been stu d ied  (Gundermann and L ie  19 7 8 ). The 
r a te  of so rp tio n  of c r e a t in in e  was n o t s ig n i f i c a n t l y  a f fe c te d  by 
any s o lu te  r e g a r d le ss  of m olecu lar s i z e  but th e  r a te  o f so r p tio n  o f 
brom sulphthalein  (m olecu lar w eight 774) was reduced in  th e p resen ce  
o f  in u l in .  I t  was concluded th a t th e r a te  o f so r p tio n  o f low 
m olecu lar w eigh t s o lu te s  was u n a ffe c ted  by c o so r p t io n  o f o th er  
s p e c ie s ,  b u t, m iddle and h igh  m olecu lar w eigh t s o lu t e s  were a f f e c t e d .  
S in g le  s o lu te  r a te  data and so r p tio n  isotherm  data  was n ot g iv en  
and no mechanism fo r  th ese  f in d in g s  was proposed a lthough  a 
d i f f e r e n t i a l  m olecu lar s ie v e  mechanism would appear to  be a l i k e ly  
e x p la n a tio n .
In a l l  c a s e s , no q u a n tita t iv e  d e s c r ip t io n  o f b inary  s o lu te  
r a te  data was attem pted and th e  so r p tio n  r a te  p r o f i l e s  fo r  the  
v a r io u s  s o lu te s  were compared v is u a l ly  to  account fob  th e  k in e t ic  
behaviour of th e b inary  sy stem s.
1 .9  SORPTION OF SOLUTES BY POLYMER COATED ACTIVE CARBON
Polym eric c o a tin g s  were o r ig in a l ly  a p p lied  to  th e  su r fa ce  o f  
a c t iv e  carbon used in  haem opofusion to  improve th e  b io c o m p a t ib il ity  
o f th e  carbon so rb en ts  and to  reduce th e shedding o f f in e  p a r t ic l e s
Ù(Hagstamm 19 6 6 ), S evera l s tu d ie s  have shown th a t  th e mass tr a n s fe r  
c h a r a c te r is t ic s  of th e  polymer co a t can a f f e c t  th e  so r p tio n  
c h a r a c te r is t ic s  of th e a c t iv e  carbon.
1 .9 .1  Method of A p p lic a tio n  o f the Coat
The method o f a p p lic a t io n  o f th e  co a t w i l l  a f f e c t  i t s  
in t e g r i t y  i f  th e  co a tin g  i s  com plete; th e  p e r m e a b ility  c h a r a c te r is t ic s  
o f  th e polymer w i l l  s i g n i f i c a n t l y  in f lu e n c e  th e  mass tr a n s fe r  
c h a r a c te r is t ic s  of th e  o v e r a l l  so r b e n t. I f ,  however, th e  degree o f  
coverage i s  low due to  an i n e f f i c i e n t  c o a t in g  procedure, a 
b ip h a s ic  in t e r a c t io n  w i l l  a r i s e  where s o lu te  can in te r a c t  w ith  the  
carbon d ir e c t ly  and a ls o  v ia  th e  polymer covered areas o f th e  su r fa ce  
(M eier 1972). Phase se p a r a tio n  m icro en ca p su la tio n  o f a c t iv e  carbon 
u sin g  c e l lu lo s e  and n i t r o c e l lu lo s e  has been shown to  r e s u l t  in  
c o a tin g s  th a t are la r g e ly  p er fo ra ted  w ith  p in h o le s .  An in v e s t ig a t io n  
o f  th e so r p tio n  p r o p e r t ie s  of th e  com posite sorb en t in d ic a te d  th a t  
th e  polymer m o d ifie s  th e  p r o p e r t ie s  o f th e  a c t iv e  carbon, however, 
a p r e d ic t io n  o f th e  change o f p r o p e r t ie s  due to  th e  co a t cou ld  not 
be made on th e b a s is  o f polymer d if f u s io n  or p erm ea b ility  s t u d ie s .
I t  was concluded th a t  some d ir e c t  in t e r a c t io n  was p o s s ib le  v ia  th e  
p in h o le s .  A com parative stud y  o f the a p p lic a t io n  o f a 
p olyh yd roxyeth yl m eth a cry la te  (p o ly  HEMA) co a t by sp raying and 
im pregnation on th e  uptake o f paracetam ol dem onstrated th a t  
d if fe r e n c e s  in  mass tr a n s fe r  p r o p e r t ie s  occur due to  the a p p lic a t io n  
method. Im pregnation r e s u lte d  in  th e  p rod u ction  o f an in com p lete  
coa t which p erm itted  g r e a te r  s o lu te  a c c e ss  to  th e  carbon than a 
f u l ly  com plete sprayed c o a tin g  (Gazzard and Langley 1974 ).
The method o f a p p lic a t io n  has a ls o  been shown to  a f f e c t  so r p tio n  
c a p a c ity . The c a p a c ity  o f  a c t iv e  carbon fo r  a s e r ie s  of model
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s o lu te s  of v a r io u s  m olecu lar w eigh t over th e  range of 113 to  1355 
was reduced by 20 to  40 p ercen t a f t e r  a p p lic a t io n  o f a n itr o  -  
c e l lu lo s e  co a t by phase sep a ra tio n  m icro en ca p su la tio n  (M eier e t  a l  
1972). In c o n tr a s t , th e  ca p a c ity  fo r  paracetam ol a f t e r  co a tin g  
w ith  po ly  HEMA by spraying  or im pregnation  was unchanged (Gazzard 
and Langley 19 7 4 ). A s im ila r  study fo r  th e  so r p t io n  of a wide range 
o f  th e r a p e u tic  p o ison s by a c t iv e  carbon coated  w ith  p o ly  HEMA by 
s p r y in g  has dem onstrated th a t  so r p tio n  ca p a c ity  i s  unchanged 
(Kolthammer 1 9 7 5 ).
S evera l s tu d ie s  have shown th a t  th e  r a te  of uptake of 
s o lu t e  d ecre a se s , in  a l l  c a s e s ,  a f t e r  a p p lic a t io n  of a polymer c o a t ,  
and th a t  th e  r a te  of so r p tio n  d ecrea ses  as co a tin g  th ic k n e ss  
in c r e a s e s .  (Kolthammer 1975, S kalsky and F a r r e ll  1979, Gazzard and 
Langley 1974 ).
1 .9 .2  The In flu e n c e  of S o lu te-P olym er Coat I n te r a c t io n .
The a b i l i t y  o f  polym eric c o a ts  to  co n tro l th e  r a te  of so r p tio n  
o f  s o lu te s  by s e l e c t iv e  p erm ea b ility  has been dem onstrated in  
s e v e r a l s t u d ie s .  The uptake of a s e r ie s  of h y d r o p h ilic  and 
hydrophobic s o lu t e s  by a c t iv e  carbon has been m od ified  by ap p lying  
polymer c o a ts  of v a ry in g  h yd rop hob icity  (M eier e t  a l 1972). A 
n i t r o c e l lu lo s e  co a t was ap p lied  which was then  p r o g r e s s iv e ly  
d e n itra ted  thus producing a range of p a r t ia l ly  d e n itr a te d  membranes. 
Hydrophobic s p e c ie s  were found to  be p r e f e r e n t ia l ly  taken up by 
n i t r o c e l lu lo s e  coated  a c t iv e  carbon and hydrophobic s o lu te s  by 
c e l lu lo s e  coated  carbon.
The s e l e c t i v e  uptake o f charged s p e c ie s  by polym ers p o s se s s in g  
io n is a b le  fu n c t io n a l groups has been dem onstrated fo r  th e  so r p tio n
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of c r e a t in in e  and u r ic  acid  in  th e  p resen ce  of f a t ty  a c id s  (Huang 
19 7 4 ). The study showed th a t  v ariou s copolymers o f a c r y l ic  a c id ,  
c e l lu lo s e  and s ty r e n e  s e l e c t iv e l y  adsorbed c r e a t in in e  in  th e  
p resen ce  of th e l ip id  com p etitors enhancing i t s  r a te  and e x te n t  of  
uptake compared to  uptake on th e  uncoated carbon.




2 .1  INSTRUMENTATION
2 .1 .1  pH Meter -  A Radiometer type 27 pH m eter f i t t e d  w ith
a PHA 925a s c a le  expander and a Pye Unicam model 291 expanded 
s c a le  pH m eter w ere used f i t t e d  w ith  a Pye Unicam Ingold  401 g la s s -  
s i l v e r  : s i l v e r  c h lo r id e  combined e le c tr o d e .  Both pH m eters were 
in t e r n a l ly  compensated f o r  tem perature.
2 .1 .2  Spectrophotom eters -  Absorbance measurements were 
determ ined u s in g  a Pye Unicam SP 1800 double beam scanning sp ec tro ­
photom eter f i t t e d  w ith  a Pye Unicam AR25 ch a rt reco rd er , or a Unicam 
SP 500 s in g le  beam sp ectrop h otom eter .
2 .1 .3  B alances -  An O e r tlin g  model R20 s in g le  pan a n a ly t ic a l
b a lan ce  was used fo r  w e ig h ts  in  e x c e ss  o f O .lg .  Below O .lg  a 
Stanton  Instrum ents U nim atic HCL5D s in g le  pan a n a ly t ic a l  b a lan ce  
was u sed .
2 .1 .4  C onstant Tem perature B aths -  Three ty p e s  of co n sta n t  
tem perature b a th s were u sed .
a) A Grant SS30, th erm o sta tted  shaking w ater bath  m ain ta in in g  a 
con sta n t tem perature ± 0 . 1°  was used where a g it a t io n  under 
iso th erm al c o n d it io n s  was n e c e ssa r y .
b) Grant SU6 w ater  b ath  h e a te r s  capable o f m ain ta in in g  con stan t  
tem perature ± 0 . 1°  were used to  co n tro l th e  tem perature o f  
w ater b a th s fo r  gen era l purposes
c) A Laboratory Thermal Equipment Ltd v isco m ete r  bath  f i t t e d  
w ith  a mercury co n ta c t thermometer capable of m a in ta in in g  a 
co n sta n t bath  tem perature ± 0 .0 0 5 °  was used fo r  d i lu t e  
s o lu t io n  v isc c m e tr y .
97
2 .1 .5  M elting  P o in t Apparatus -  Was su p p lied  by Gallenkanq) L td .
2 .1 .6  Mercury P orosim eter -  A Carlo Erba model 1520 mercury 
p orosim eter was used to  determ ine the volume and d is t r ib u t io n  o f  
pores in  adsorbent m a te r ia ls  w ith  r a d ii  betw een 50 -  75 ,000  X .
2 .1 .7  M icroca lorim eter -  Heats o f  w e tt in g  data were ob tained  
by co u rtesy  o f th e  P h y s ic a l P r o te c t io n  D iv is io n  o f  th e  Chemical 
D efence E stab lish m en t (Porton Down) u s in g  a record in g  m icro­
ca lo r im eter  (Maggs 1960 ).
2 .1 .8  Helium A ir  PyCnOmeter — A M icrom eritics  C orporation model 
1302 Helium A ir Pycnometer was used to  determ ine tru e  d e n s i t ie s  o f  
powdered m a te r ia ls .
2 .1 .9  M icrometer — A Moore and Wright Ltd e le c t r o n ic  hand
m icrom eter was used to  determ ine membrane th ic k n e ss  to  a p r e c is io n  
o f  + 1 . 0  fim.
2 .2  PHYSICAL MEASUREMENTS
2 .2 .1  pH Measurement -  S o lu tio n s  under t e s t  and standard b u ffe r s
were e q u ilib r a te d  to  the req u ired  experim ental tem perature p r io r  to  
pH measurement or pH m eter s ta n d a r d isa t io n . pH m eters were c a l ib r a te d ,  
in  the expanded s c a le  mode, b e fo r e  u se , w ith  two standard b u ffe r s  a t  
the upper and low er l im it  o f  th e  pH range over w hich d eterm in ation s  
were b ein g  made. Standard b u ffe r s  were prepared and sto red  accord in g  
to  the method d escr ib ed  by P err in  and Dempsey ( 1974 )•
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2 .2 .2  Temperature Measürêment -  Water bath  tem peratures were 
measured u s in g  mercury bulb thermometers c a lib r a te d  in  d iv is io n s  
o f 0 .1 ° .  Throughout t h is  study a l l  tem perature measurements were 
made w ith  r e fe r e n c e  to  a c a lib r a te d  mercury in  g la s s  thermometer 
graduated a t  in t e r v a ls  o f 0 .1 ° .  T his r e fe r e n c e  thermometer was 
i t s e l f  c a lib r a te d  a g a in s t  a N ation a l P h y s ic a l Laboratory c e r t i f i c a t e d  
Platinum  R es is ta n c e  Thermometer which was rep ro d u cib le  to  i^  C ± 10 
(Beg 1977 ) .
2 .2 .3  Spectrophotom etrlc  Measurements •— 1cm, quartz c u v e tte s  
were used fo r  a l l  sp ectrop h otom etr lc  d e term in a tio n s . The b u ffe r  
system  used to  c o n tr o l th e pH o f the s o lu t io n  under t e s t  was p la ced  
in  th e re fe r e n c e  c e l l  in  a l l  c a s e s .
2 .3  Glassware Grade A v o lu m etr ic  f la s k s  and Grade B p ip e t t e s  
were used throughout th e stu d y . Where n ecessa ry  g lassw are was 
c lea n sed  by immersion in  chromic a c id  fo llo w ed  by a standard w ashing  
ro u tin e  c o n s is t in g  o f  s i x  r in s in g s  w ith  tap and s i x  w ith  d i s t i l l e d  
w ater. S in tered  g la s s  f i l t e r s  were cleaned:'by immersion in  b o i l in g  
con cen trated  potassium  permanganate s o lu t io n ,  fo llo w ed  by n e u tr a l­
is a t io n  w ith  a d i lu t e  s o lu t io n  o f  hydroxylammonium c h lo r id e  and 
repeated  w ashing w ith  tap and d i s t i l l e d  w ater as b e fo r e .
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2 .4  GENERAL METHODS Chemical rea g en ts  were a l l  o f a t  l e a s t
lab ora tory  grade, b u ffe r  s a l t s  were AnalaR grade. Water was f r e s h ly  
d i s t i l l e d  from an a l l  g la s s  s t i l l .
2 .5  Model S o lu te s These were ob ta in ed  as reagent grade and
r e c r y s t a l l i s e d  b e fo r e  u se . Table 2..1 l i s t s  the s u p p lie r ,  
r e c r y s t a l l i s a t io n  so lv e n t  and m eltin g  p o in ts  fo r  the four model 
s o lu te s  used in  t h i s  s tu d y .
Table 2 .1  -  P u r if ic a t io n  Of the Model Compounds.
Compound S u p p lier Re c r y s t a l l i s a t io n M eltin g  P o in t
S o lven t Experim ental L ite r a tu r e
E thyl 4 -  
aminobenzoate BDH Ltd 50% eth an o l 88° 88-89°
4-m ethoxy- 
b en zoic a c id Sigma Ltd
a b so lu te
eth an o l 183° 184°
phenol BDH Ltd 40—60 
petroleum  e th er 41° 40 .85°**
4 -n itr o ­
phenol BDH Ltd to lu en e 113° 113-114°
* Merck Index ( 1976 ) • 
** U ltrapure m a te r ia l.
The four compounds were d ried  to  con sta n t w eight p r io r  to  use in  a 
vacuum oven.
2 .6  PREPARATION AND CHARACTERISATION OF THE NYLON 6 POWDER
2 .6 .1  P rep aration  o f  Nylon 6 Powder
Nylon 6 was ob ta in ed  from BDH Ltd in  the form o f  in j e c t io n  m oulding  
granu les which, were converted  to  powder form fo r  u se  in  so rp tio n  
s tu d ie s  u s in g  th e p r e c ip ita t io n  method d escr ib ed  by R ichardson Q 9 7 3 ).
m100  grammes o f  in j e c t io n  moulding gran u les were d is so lv e d  in  400ml 
o f preheated 98% w/w form ic a c id  a t 60° , When d is s o lu t io n  was com plete  
and the s o lu t io n  s u f f i c i e n t l y  m o b ile ,th e  s t ir r in g  r a te  was in cr ea se d  
and 50% v /v  aqueous m ethanol s o lu t io n  was added a t a c o n tr o lle d  r a te  
to  e f f e c t  p r e c ip i t a t io n .  The p r e c ip it a t e  was f i l t e r e d  on a g la s s  
s in t e r ,  r e p e a te d ly  washed w ith  d i s t i l l e d  w ater , then p a r t ia l ly  d ried  
a t 60° in  a c ir c u la t in g  a ir  oven. The powder was passed  through a 
number 10  s ie v e  to  remove la r g e  p a r t ic l e s  then d ried  again  a t  60°  
to  co n stan t w eigh t in  a vacuum oven. When d r y ,th e  powder was s ie v e d  
again  and th ree  s ie v e  s i z e  fr a c t io n s  c o l le c t e d ,  p a r t ic l e s  r e ta in e d  
by a 60 mesh s i e v e ,  p a r t ic l e s  not r e ta in e d  by the 60 mesh s ie v e  but 
re ta in e d  by a 12 0  mesh s ie v e  and a l l  p a r t ic l e s  sub 120  mesh s ie v e  
s i z e .  The powder was s to red  in  a d e s ic c a to r  over s i l i c a  g e l u n t i l  
used . S ieve  mesh s i z e s  r e f e r  to  standard s ie v e s  (B r it is h  Standard  
410 (1 9 6 2 )) .
2 .6 .2  Nylon 6 Powder C h a r a c ter isa tio n
2 . 6 .2 .1  M eltin g  P o in t
The m eltin g  p o in t  was 214° measured w ith  r e fe r e n c e  to  d icyandiam id , 
a t e s t  su bstan ce m e ltin g  a t  2 10°. T h is compares to  the l i t e r a t u r e  
v a lu e  o f 215° (Brydson, 1 9 7 0 ).
2 . 6 .2 .2  A lcoh o l and Water E x tr a c tiv e
2 gramme sam ples o f  ny lon  6 powder were shaken w ith  20ml o f 95% v /v  
eth an o l or w ater a t  50° fo r  tw en ty -fou r  h ou rs. The u l t r a v io le t  
spectrum  o f th e f i l t e r e d  supernatant showed a co n sta n t low absorbance 
of 0 .0 1  absorbance u n it s  w ith in  the range 220—350 nm. In a l l  c a se s  
s o lu t io n s  o f  th e  model s o lu te s  were d ilu te d  a t  l e a s t  twenty—f iv e  
tim es p r io r  to  sp ectro p h o to m etr ic  a s sa y , th e r e fo r e , the in te r fe r e n c e .






















F igure 2.1  INFRA RED SPECTRUM OF NYLON 6 POWDER
Continued / ,
10 J
due to  leached  su b sta n ces , was con sid ered  n e g l ig ib le .
2 . 6 .2 .3  The In fr a -red  A bsorption  Spectrum o f  Nylon 6 Powder 
F igure 2 .1  shows the In fr a -r e d  a b sorp tion  spectrum  o f n y lon  6 
powder, determ ined by th e  P h ysicochem ica l Measurements U n it ,  
H arw ell. The powder was co ld  p ressed  in to  a th in  f i lm  p r io r  to  
a n a ly s is .  The spectrum  shows c h a r a c t e r is t ic  stro n g  ab so rp tio n  
bands a t 3270, 2899, 1639, 1550 and 1460 cm correspond ing to  th e  
amide groups in  th e  ny lon  6 m atr ix . The absence o f a s tro n g  
ab sorp tion  band a t 870 cm  ^ in d ic a te s  th a t fr e e  unpolym erised  
monomer i s  n o t p resen t in  s ig n i f ic a n t  q u a n tity .
2 . 6 .2 .4 .  The D eterm ination  o f Average MolèCülàr Weight by 
D ilu te  S o lu tio n  V isCom etry.
The v i s c o s i t y  average m olecu lar w eigh t o f  the ny lon  6 sanqjle can 
be determ ined by r e la t iv e  v i s c o s i t y  measurements o f  m od erately  
d ilu t e  s o lu t io n s  o f the polymer u sin g  a c a p il la r y  tube v isc o m e te r .  
The Mark—Houwink eq u a tio n , eq u ation  2 .1 ,  r e la t e s  th e  v i s c o s i t y  
average m olecu lar w eigh t M^  to  th e in t r i n s i c  v i s c o s i t y  "*7 u s in g  
two c o n s ta n ts , and O' , which are v a l id  fo r  a p a r t ic u la r  polym er- 
so lv e n t  com bination under s p e c if ie d  p h y s ic a l c o n d it io n s .
\  \    (2 . 1 )
The in t r i n s ic  v i s c o s i t y  may be determ ined by measurement . o f  the  
r e la t iv e  v i s c o s i t y  o f a s e r ie s  o f  polymer s o lu t io n s  o f  d i f f e r e n t  
c o n c e n tr a tio n , th e r e la t iv e  v i s c o s i t y  ( r / r e l )  b e in g  d e fin ed  as th e  
r a t io  o f  the polymer s o lu t io n  v i s c o s i t y  to  so lv e n t  v i s c o s i t y .  The 
co n cen tra tio n  dependence o f  T^rel i s  g iv en  by eq u ation  2 . 2  the  
m odified  E in s te in  eq u a tio n .
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2
r j r e l  = 1 , 0  + ac + be ............................ ( 2 . 2 ) .
Where a and b are co n sta n ts  and c i s  th e  polymer s o lu t io n
co n cen tra tio n  in  gramme d l A p lo t  o f  th e  reduced s p e c i f i c
v i s c o s i t y ,  ( r j r e l  - l ) / c ,  a g a in st  c o n c e n tr a tio n  i s  l in e a r ,  the
i n t r i n s i c  v i s c o s i t y  i s  then ob ta in ed  by e x tr a p o la t in g  the s lo p e  to
zero  co n cen tra tio n  where the reduced s p e c i f i c  v i s c o s i t y  eq u a ls the
in t r in s ic 'V is c o s it y .  and O' have been determined for  nylon 6 in
85% w/w aqueous form ic a c id  s o lu t io n  a t  25° (Polymer Handbook 1967)
which are v a l id  betw een m olecular w e ig h ts  o f 5 ,0 0 0  -  50 ,000
K (2 .2 6 -1  0 .2 )  X 10”  ^ ex. * 0 .8 2  ± 0 .0 3
m
Method
A s p e c ia l ly  m od ified  B S/IP /SL .2 suspended l e v e l  v isco m eter  was used  
w ith  an en larged  r e s e r v o ir  to  perm it d i lu t io n  to  be performed in  the  
v isc o m e te r . A ll  p ip e t te s  used were c a l ib r a te d  to  ensure th a t the  
ex a ct d e liv e r y  volumes were known. 15ml o f  85% w/w form ic a c id  was 
p laced  in  the v isco m eter  and e q u ilib r a te d  to  tem perature, the flow  
tim e was then determ ined. 10ml o f a nom inal 6 . 0  g d l  ^ s to ck  
s o lu t io n  o f nylon  6 in  85% w/w form ic a c id  was then added and the  
flow  tim e redeterm ined a f t e r  thorough m ixing o f  so lv e n t  and s o lu t io n .  
This procedure was rep eated  w ith  s u c c e s s iv e  5 ml q u a n t it ie s  o f 85% 
w/w form ic a c id . As a l l  flow  tim es were in  e x c e s s  o f  350 seconds 
k in e t ic  energy c o r r e c t io n s  were ig n o red . Flow tim e d eterm in ation s  
were rep eated  u n t i l  th ree  su c c e s s iv e  flo w  tim es agreed to  w ith in  0 . 2%, 
timed a c c u r a te ly  to  0 .1  secon d s. The d e n s ity  o f  the m ost con cen trated  
nylon  6 s o lu t io n  d if fe r e d  from th a t o f  the so lv e n t  by 0.04%, 
d e n s ity  c o r r e c t io n s  were th e r e fo r e  ignored .T he r e la t iv e  v i s c o s i t y  
was thus c a lc u la te d  from the r a t io  o f  th e  s o lu t io n  to  so lv e n t  flo w
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t im es . Data fo r  two sep a ra te  in t r in s ic  v i s c o s i t y  determ inations  
a re  shown in  Table 2 .2  and p lo tte d  in  F igu re  2 .2
Tab le  2 .2  Data fo r  th e  d eterm ination  of th e  in t r i n s ic  v i s c o s i t y  
o f  Nylon 6 in  85% w/w form ic acid  a t  2 5 °.
C oncentration  
(g d l




( s e c s )
reduced
s p e c i f i c





(s e c s )
reduced
s p e c i f i c
v i s c o s i t y
d l g‘ S
0 . 0 389.6 - 402 .4 -
0 .6 1 1 641.8 1.059 662 .4 1 .057
0 .509 599 .2 1.047 617 .0 1.048
0 .437 565 .9 1.036 584 .0 1 .035
0.382 542 .3 1.026 560 .3 1.027
0 .3 4 0 524.6 1.019 541 .5 1.017
0 .3 0 6 510 .2 1 . 0 1 2 527 .5 1 .015
The data in  Table 2 .2  was subm itted to  a le a st-sq u a r e d  r e g r e s s io n  
a n a ly s is  to  determ ine th e  in t r in s ic  v i s c o s i t y ,  and th e  two in te r c e p ts  
fo r  each d eterm in a tio n  compared by t - t e s t .  Table 2 .3  summarises th e  
r e s u l t s .  The two in te r c e p ts  were n ot s ig n i f i c a n t l y  d i f f e r e n t ,  a t  
th e  95% le v e l  o f  s ig n if ic a n c e ,  th e r e fo r e , a mean v a lu e  of 0 .9 6 8  

















0 .3 0 .4 0 .5 0.6
FIG 2 .2  PLOT OF REDUCED SPECIFIC VISCOSITY VERSUS NYLON 6
CONCENTRATION IN 85% FORMIC ACID AT 25
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Table 2 .3  Data from th e  le a s  t - s  guar es r e g r e s s io n  a n a ly s is  
o f  th e  in t r in s ic  v i s c o s i t y  d eterm in a tio n  of nylon  6 in  85% 
w/w form ic acid  a t  25°
I n tr in s ic  V is c o s ity  
- 1
d l g
Standard Error  
of
I n t r in s ic  V is c o s ity  
d l g” ^
^ ca lc ^tab
(P=0.05)
0 .9 6 6
-3
3 .3  X 10
0 .9 7 0
_3
4 .6  X 10
0 .7 1 2 .3 1
2 . 6 .2 .5  S urface Area D eterm in ation  rising Krypton Gas A dsorption . 
The s p e c i f i c  s u r fa c e  area  o f an adsorbent m a te r ia l,  can be 
determ ined by adsorb ing in e r t  g a se s  on to  th e  su r fa c e  a t  low 
tem perature
can be determined from th e  a d so rp tio n  isotherm  u sin g  th e  l in e a r  
form of th e B .E .T . eq u a tio n  (Brunauer e t  a l  1938), Equation 2 .3
V , th e  volume of gas adsorbed to  form a m onolayer m
P/V(P _P) = 1 .0 /V  b + (b -1 ) P/V b P 
o m m o (2 .3 )
where: P = gas p ressu r e  a t  which a volum e, V, o f  gas i s  adsorbed
= th e  sa tu ra ted  vapour p r e ssu r e  a t  S .T .P
V = th e  m onolayer volume ca p a c ity  o f  th e  ad sorb ate  
m
b = a co n sta n t
A s t r a ig h t  l i n e  r e s u l t s  i f  P/V(P^-P) i s  p lo t te d  a g a in s t  P/P^ and th e
v a lu e  V can be c a lc u la te d  from th e  s lo p e  (b - l ) /V  b and th e  in te r c e p t  m m
l/V  b. The eq u ation  i s  v a l id  betw een reduced p r e ssu r e , P/P 
m o
betw een 0 ,0 5  -  0 .3  and w i l l  g iv e  r e l ia b le  v a lu e s  of V when th em
con sta n t b has a h igh  v a lu e  due to  a w e ll  d efin ed  p la tea u  in  th e
isotherm  correspond ing t o  m onolayer fo rm a tio n . When s o l id s  have
a h igh  s p e c i f i c  su r fa c e  a r e a s , erro rs  in v o lv ed  in  th e  experim ental
d eterm in ation  o f V g r e a t ly  exceed th e  u n cer ta in ty  of th e  B .E .T .m
m ethod. T h is i s  n o t th e  c a se , how ever, w ith  low s p e c i f i c  su r fa ce  
area  ad sorb ates \dien on ly  a sm all f r a c t io n  of gas i s  adsorbed.
In  such c a se s  th e  amount of g a s  adsorbed cannot be a c c u r a te ly  
determ ined in  a co n sta n t volume apparatus as th e  p ressu re  
d if fe r e n c e  betw een th e  gas b e fo r e  and a f t e r  a d so rp tio n  i s  to o  sm all 
to  be r e l ia b ly  m easured. R ichardson (1973) reported  a s p e c i f i c  
su r fa c e  a rea  fo r  n y lon  6 powder of th e  order 6 m^g The u se  of 
Krypton a t  —196 w ith  P  ^ approxim ately  equal to  2 mm Hg keeps  
working p ressu r es  low enough to  keep th e  c o r r e c t io n  fo r  unadsorbed  
gas sm a ll. (Young and C row ell, 1 9 6 2 ).
Method.
The apparatus used fo r  determ ining th e  B .E .T . su r fa c e  area  of nylon
6 powder i s  shown in  f ig u r e  2 .3 .  A known w eigh t of powder was p laced
in  th e  sample bulb and degassed  under h igh vacuum a t  room tem perature
fo r  tw en ty -fo u r  hours. At th e  commencement of th e  d eterm in ation  th e
sample bulb was immersed in  b o i l in g  l iq u id  n itro g en  to  m ain ta in  th e
sample a t  -1 9 6 ° , th e  r e s t  o f th e  apparatus was a t  ambient
tem perature vdiich was noted f o r  th e  c a lc u la t io n  of V , Krypton gas
m
was adm itted in to  th e  apparatus through th e  gas lock  between v a lv e s  
D and E and a llow ed  to  expand in to  th e  volume en clo sed  betw een th e  


















V alves 0  
Dead Space Volume 
i )  Sample Bulb -  1 1 .1ml 
i i )  Gauge and tu b in g  up 
to  v a lv e s  A and B 
-  94.4m l
F igure 2 .3  Schem atic Diagram o f th e  B .E .T . apparatus used fo r  
the Surface Area D eterm ination  o f Nylon 6 Powder. 
now be measured, u s in g  the gauge, by determ ining th e p ressu re  o f  
the gas in  the known volume o f th e  gauge system . Gas was then  
expanded through v a lv e  A in to  the sample bulb and a llow ed  to  
e q u il ib r a te ;  a t  eq u ilib r iu m  the volume o f  gas unadsorbed was 
redeterm ined . This procedure was rep ea ted  fo r  s e v e r a l v a lu e s  o f  
reduced p ressu re  to  gen era te  data fo r  th e B .E .T . iso th erm . Data  
fo r  r e p l ic a t e  d eterm in ation s o f  the B .E .T . su r fa ce  area o f  the  
nylon  6 powder f r a c t io n  re ta in e d  by th e 120  mesh s ie v e  i s  shown 
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FIG 2 .4  B.E.T PLOT OF THE SURFACE AREA DETERMINATION OF 
NYLON 6 POWDER ( 60 -  120 mésh ) BY KRYPTON ADSORPTION
AT -196
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TABLE 2 .4  Data fo r  th e D eterm ination  o f th e  B .E .T . Surface Area 
o f Nylon 6 Powder (sub 60 , r e ta in e d  by 120 mesh s iz e )  u sin g  
Krypton A dsorption  a t  -1 9 6 °
D eterm ination  1 Ambient tem perature 1 9 .0 °
Krypton P ressu re Krypton P ressu re Volume P/P q P
i n i t i a l  mm Hg eq u ilib r iu m  mm Hg adsorbed V (P -P )
- 1
ml g -1  5 g ml ^xlO^
0 .3 6 6 0 .0 3 1 4 .5 5 0 .0 1 6 7 .7 4
0 .407 0 .1 0 8 8 .5 3 0 .0 5 5 15 .02
0 .3 5 6 0 .186 10 .74 0 .0 9 4 2 1 .4 0
0 .3 8 2 0 .2 6 3 12 .25 0 .1 3 4 27 .7 6
0 .4 4 3 0 .3 4 0 13 .55 0 .1 7 3 34 .01
0 .469 0 .4 1 8 14 .14 0 . 2 1 2 4 2 .0 1
0 .5 6 2 0 .5 0 5 1 4 .80 0 .2 5 6 5 1 .4 8
0 .5 3 1 0 .521 14 .96 0 .2 6 4 53 .15
D eterm ination  2 Ambient tem perature 1 9 .0 °
0 .2 9 4 0 .0 2 6 3 .2 6 0 .0 1 3 7 .2 1
0 .2 6 8 0 .0 7 2 5 .6 0 0 .0 8 7 1 2 .0 1
0 .4 0 7 0 .1 6 5 8 .4 4 0 .0 8 4 2 1 .4 0
0 .505 0 .2 9 4 10 .85 0 .1 4 9 2 8 .6 0
0 .5 3 1 0 .4 2 3 11 .99 0 .2 1 5 4 0 .4 3
0 .567 0 .4 9 5 12 .80 0 .2 5 1 4 6 .2 8
0 .5 8 3 0 .5 3 6 1 3 .33 0 .2 7 2 4 9 .6 1
The data in  ta b le  2 .4  was subm itted  to  le a s t-sq u a r e d  r e g r e s s io n
a n a ly s is  fo r  accu ra te  assessm en t o f  th e  s lo p e  and in te r c e p t ,  to
c a lc u la te  V , th e  r e s u l t s  are shown in  ta b le  2 .5  m
1Tablé 2 .5  R e su lts  fo r  th é L èà st—Sqüârés R égression  A n a ly s is  o f  
B .E .T . P lo ts  fo r  th é A dsorption  o f  Krypton by 60-120 Mesh 
Nylon 6 Powder.





In te r c e p t






I 1.83x10*”^ 5 .60x10“^ 3.91x10"^ 1.04x10*5 5 3 4 .7
I I 1.64x10*"^ 3 .57x10” ^ 4.96x l0" ^ 7.35x10*5 5 9 1 .8
The B .E .T . su r fa c e  area  can be c a lc u la te d  u s in g  and eq u ation  2 .4 ,  
i s  co rr ec ted  to  i t s  correspond ing v a lu e  a t  S .T .P  which a llo w s  
the volume o f  gas in  th e m onolayer to  be con verted  to  th e  number o f  
mois o f  g a s . U sing Avogadro*s number and the su r fa ce  area per 
Krypton m o lec u le , taken  as 20 x 10 m^  a t  -1 9 6 ° ,  the su r fa ce  area  
o f  the adsorbent may be c a lc u la te d  assuming th a t the t o t a l  su r fa ce  
area o f  the m o lecu les  com prising the m onolayer i s  eq u iv a le n t to  the  
a c tu a l su r fa ce  a rea .
S = V .N . X ...................................................................... (2 .4 )w m
where: S^ = th e s p e c i f i c  su r fa ce  a rea .
N = Avogadro*s number.
X = th e area  o f one gas m olecu le a t  -  196°
-  = molar volume o f  gas a t  S .T .P .
Surface areas fo r  th e  th ree  ny lon  6 powder s ie v e  s i z e  f r a c t io n s  
are g iv en  in  ta b le  2 . 6
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Table 2 .6  S p e c if ic  Surface Areas fo r  Nylon 6 Powder Samples 
Determined by Krypton Gas A dsorption
S iev e  Mesh S ize D eterm ination S p e c i f ic  S urface Area m  ^ g ^
r e ta in e d  by 60 I 5 .1 2
I I 5 .1 5
60 -  120 I 3 .5 3
I I 3 .9 0
sub 120 I 4 .3 4
I I 4 .1 3
2 . 6 . 2 . 6  D eterm ination  o f th e  Pore Volume and Pore S iz e  
D is tr ib u t io n  o f Nylon 6 Powder u s in g  a Mercury P o ro sim eter .
The mercury porosim eter determ ines th e t o t a l  pore volume and pore  
s iz e  d is t r ib u t io n  o f  a s o l id  m a ter ia l by in cr em en ta lly  fo r c in g  a 
g iven  amount o f mercury in to  the s o l id  sample a t h ig h  p ressu r e  and 
s im u lta n eo u sly  m easuring th e volume o f mercury taken up. The 
sample i s  p laced  in  a g la s s  d ila to m e te r  c o n s is t in g  df a bulb and stem  
w hich e n c lo se  a c a p il la r y  o f  known d im ension . A fter  d e g a ss in g , th e  
d ila to m e te r  i s  f i l l e d  w ith  mercury under vacuum u n t i l  th e  bulb and 
c a p il la r y  are alm ost f u l l .  The f i l l i n g  apparatus i s  returned  to  
atm ospheric p re ssu r e , and the d ila to m e te r  removed and f i t t e d  in to  the  
porosim eter a u to c la v e  which i s  f i l l e d  w ith  e th an o l which a c t s  as 
h y d ra u lic  f lu id  tr a n sm ittin g  the p ressu re  ap p lied  b y  th e  com pressor  
to  the m ercury. The a p p lied  p ressu re  can be r e la te d  to  the pore  
rad ius u s in g  the m od ified  Young—L aplace eq u a tio n , eq u ation  2 .5
P = 2 cos i C2.5)
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where P = a p p lied  p ressu re  ^  = mercury s o l id  in t e r f a c ia l
te n s io n
i  * mercury s o l id  co n ta c t r = pore rad ius (pores assumed 
an g le  c y l in d r ic a l )
The instrum ent a p p lie s  a p ressu re  which w i l l  fo rce  mercury in to  a l l  
pores g rea te r  than and in c lu d in g  th o se  o f  th e  rad ius d efin ed  by 
eq u ation  2 ,6 .  The in crea sed  e x te n t  o f  in tr u s io n  w i l l  cause a drop 
in  the mercury l e v e l  in  the d ila to m e te r  c a p il la r y  w hich i s  converted  
to  volume knowing th e cro ss  s e c t io n a l  area o f  the c a p i l la r y  and the  
d isp lacem en t. The instrum ent a p p lie s  th e  p ressu r e , in  in crem en ts, 
a u to m a tic a lly , and pauses a f t e r  com pression to  a llow  a mercury 
co n ta ct probe to  a s s e s s  the e x te n t  o f mercury uptake. The s iz e  
d is tr ib u t io n  can be rep resen ted  by a p lo t  o f  cum ulative percen tage  
pore volume vs pore r a d iu s , th e porogram, and the t o t a l  pore volume 
may be ob ta in ed  from the t o t a l  volume o f  mercury taken up by the  
s o l id .  The o p era tin g  range o f  the instrum ent i s  d efin ed  by  the  
p ressu re  i t  i s  ab le  to  e x e r t ,  in  t h is  ca se  th e  range i s  50 —
75,000 S:
Porograms fo r  th e th ree  nylon  6 powder s i z e  fr a c t io n s  are shown in  
f ig u r e  2 .5 ,  where i t  can be seen  th a t th ere  i s  no apparent d if fe r e n c e  
in  pore s i z e  d is t r ib u t io n  betw een the sam ples. Although th e  o p era tio n a l  
pore rad iu s range o f  the instrum ent i s  50 -  75 ,000  X, . the a c tu a l  
p a r t ic le  pore s iz e  d is t r ib u t io n  was taken to  commence a t 30 ,000  X.
The p ercen tage cum ulative pore volume reduced ra p id ly  from 75 ,000  
to 30 ,000  X which has been su g g ested  to  r e s u l t  from com pression o f  
the powder mass r e s u lt in g  in  the d eterm ination  o f pached—bed ra th er  
than tru e  in tr a p a r t ic le  pore volume (England, P ersonal Communication).





















00 vO e s
awniOA a^ od aoviNaoaaa aAixvTmtao
116
volume fo r  60 mesh nylon  6 powder i s  7 .1  x 10 ^cm^g  ^ and fo r  60 -
-2  3 -1
120 and sub 120 mesh s i z e s ,  4 .1  x 10 cm g , a lthough  the t o t a l  
pore volume i s  d i f f e r e n t ,  the cum ulative pore s i z e  d is tr ib u t io n s  
fo r  the th ree  s i z e  fr a c t io n s  i s  s im ila r .  D ubinin (1960) has 
c l a s s i f i e d  p ores in to  th ree  s iz e  ranges; m icropores in term ed ia te  
pores and macropores w ith  s i z e  ranges l e s s  than loX , 10  -  1000& 
and g rea ter  than 1000& r e s p e c t iv e ly .  As th e porogram i s  
w ith  r e sp e c t to  the pore rad iu s a x is  i t  can be assumed th a t the  
l in e a r  l im it  o f  th e  pore volume d is t r ib u t io n  has been reached ,
Nylon 6 powder i s  n ot m icroporous and has 11% o f  i t s  pore volume 
in  the upper t r a n s i t io n a l  pore re g io n  and 89% in  th e macropore 
r e g io n .
2 . 6 .2 .7  D eterm ination  o f  th e True D e n s ity  Of Nylon 6 Powder 
The tru e  d e n s ity  o f  nylon  6 powder was determ ined u sin g  a 
h e lim -a ir  pycnom eter. The instrum ent c o n s is t s  o f  an a ir t ig h t  
sample chamber connected  to  a low p ressu re  he.ilum su p p ly , a 
vacuum and a p ressu r e  gauge. The pycnometer o p era tes  on the  
p r in c ip le  th a t th e change in  p ressu r e  o f  a nonadsorbing gas w ith in  
an en c lo sed  v e s s e l  due to  th e p resen ce o f  a volume o f powder sam ple, 
i s  a fu n c tio n  o f  the volume o f  the s o l id  m a ter ia l w ith in  th e v e s s e l .  
The sample d e n s ity  was measured by determ ining th e p ressu re  o f  gas 
in  the empty chamber, then  red eterm in in g  the p ressu re  w ith  a known 
w eight o f  sample o f  unknown d e n s ity .  T his procedure i s  then  
repeated  w ith  a standard  volume s t a in le s s  s t e e l  b a l l .  The volume 
o f  the unknown sample volume i s  determ ined u sin g  eq u ation  ( 2 . 6 )
sample “ ^standard ..........................^ a a
1 1 7
Where, V i s  volume and R i s  the p ressu re  gauge v e r n ie r  read in g .
Rg i s  the p ressu re  d eterm ination  read ing  fo r  the empty chamber, Rg^,
th a t fo r  the sample and, Rg^, the p ressu re  read ing  fo r  the standard  
volum e. The d e n s ity  i s  then ob ta in ed  by d iv id in g  the sample w eigh t  
by the volume as determ ined by the pycnom eter, The tem perature was 
m onitored throughout th e d eterm ination  which must remain co n stan t  
fo r  the d u ration  o f the measurement. R e p lic a te  d eterm in ation s u s in g  
the h e lim -a ir  pycnometer g iv e  tru e  d e n s ity  v a lu es  o f 1 .1 8 , 1 .1 7  and
-3
1 .17  g cm fo r  60 mesh, 60 -  120 mesh and sub 120 mesh nylon  6 
powder s iz e  f r a c t io n  r e s p e c t iv e ly  compared to  the l i t e r a t u r e  
v a lu e  o f  1 .04  -  1 .14g  cm  ^ (R off 1971).
2 .6 . 2 . 8  Scanning E le c tro n  M icroscopy o f th e  Nylon 6 Powder
The polymer was i n i t i a l l y  covered in  gold  under vacuum to  prevent 
su rfa ce  charging in  the e le c tr o n  beam, th e e x c i ta t io n  .p o te n t ia l used  
was 16 KV to  reduce s tr u c tu r a l damage due to  the im pinging e le c tr o n  
beam. The su rfa ce  fe a tu r e s  recorded p h o to g ra p h ica lly  are s ta b le  
w ith  r e sp e c t  to  tim e and have been in te r p r e te d  as a r e a l  
r e p r e se n ta t io n  o f  the su r fa c e ;  e le c tr o n  m icrographs o f  the nylon  
6 powder su rfa ce  are shown in  s e c t io n
2 .7  PREPARATION and CHARACTERISATION o f NYLON 6 COATED and UNCOATED 
ACTIVE CARBON fo r  usé in  ADSORPTION STUDIES.
2 .7 .1  D e sc r ip tio n  and S u p p liers  T ech n ica l Inform ation  fo r  the  
A ctiv e  Carbon G ranules.
The a c t iv e  carbon gran u les used throughout t h is  stu d y  were
S u t c l i f f e  Speakman 610 grade c o c o n u tsh e ll a c t iv e  carbon g ra n u les ,
5 - 1 0  mesh s i z e ,  which had been su b jec ted  to  a s p e c ia l  c le a n in g
procedure by Smith and Nephew L td , and were o b ta in ed , as a g i f t ,
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A) R ota tin g  Copper Pan C ontain ing th e  A ctiv e  Carbon 
G ranules.
B) A ll G lass Spray-Gun C ontain ing th e  S o lu tio n  o f  
Nylon 6 , Coupled to  an A ir Compressor.
C) D om estic Hot A ir Fan D irec ted  Towards the Copper 
Pan.
FIG 2 .6  : SCHEMATIC DIAGRAM OF THE APPARATUS USED TO APPLY
A FILM OF NYLON 6 TO THE SURFACE OF THE ACTIVE CARBON GRANULES,
p la c in g  th e  g ra n u les  in  a column, supported  by a mesh and washing  
w ith  50% v /v  aqueous eth an o l a t  a h igh  f lo w  r a te ,  t h i s  w i l l  remove 
a lc o h o l s o lu b le  contam inants to g e th e r  w ith  heavy and l i g h t  
p a r t ic u la te  im p u r it ie s .  The s o l id  im p u r it ie s  are then  skimmed o f f  
and th e  bed washed w ith  h o t w ater (60-70^ ) to  remove both  th e  aqueous 
eth an o l and any f in e  p a r t ic l e s  p r e se n t . The carbon p a r t ic l e  s lu r r y  
i s  removed and d r ie d . The te c h n ic a l s p e c i f i c a t io n s  fo r  th e  o r ig in a l  
granu lar m a ter ia l p r io r  to  w ashing as su p p lied  by th e  o r ig in a l  
m anufacturer w ere a s  fo llo w s :
B .E .T . S u rface Area u sin g  n itr o g e n  gas — 1300-1300 m^g ^
u sin g  benzene vapor -  1230-1330 m^g ^
Carbon te tr a c h lo r id e  s a tu r a t io n  83 -  93% w/w
vapor uptake
Ash 3 - 4 %  w/w
_ 3
Bulk d e n s ity  0 .4  -  0 .4 4  g cm
2 .7 .2 .  The P rep a ra tio n  and C h a r a c te r isa t io n  of Nylon 6 Coated
A ctiv e  Carbon G ranules.
The co a tin g  method was a sm all s c a le  spray c o a tin g  procedure  
based on th e  p r o c e ss  used by Sm ith and Nephew (R esearch) L td , 
d escrib ed  by Sim m onite (1 9 7 7 ). The c o a tin g  apparatus i s  shown in  
schem atic form in  f ig u r e  2 . 6 . 100  grammes of carbon gran u les were
ro ta ted  in  th e  copper pan a t  40 rpm in  a stream  o f hot a ir  such 
th a t  th e  granule bed m aintained a bulk  tem perature of 7 2 ° . A 3% 
w/v s o lu t io n  of n y lon  6 in  form ic acid  was sprayed onto th e  warm 
gran u les from th e  a l l  g la s s  spray system , th e  spray atom ised u sin g  
a com pressor. The form ic acid  evap orates o f f  r a p id ly  le a v in g  a 
smooth polymer la y e r  over su r fa c e  of th e  g r a n u le s . The spray cone 
was d ir e c te d  in to  th e  co a tin g  pan a t  a spray r a te  which m inim ised  
tu rb u len ce  in  th e  granule bed; th e  co a t was a p p lied  in  p u lse s  to
1 ^
a llow  s u f f i c i e n t  time fo r  th e  form ic acid  to  evap orate  b e fo re  the  
n ex t a p p lic a t io n . The coated  a c t iv e  carbon used th r o u ^ o u t t h i s  
stu d y  was prepared from two, 100ml a l iq u o t s  of spray s o lu t io n  per  
100 grammes o f charcoal g ra n u les . A fte r  c o a t in g , th e  gran u les  
w ere thoroughly washed w ith  50% v /v  aqueous eth an ol fo llo w ed  by 
f i v e  w ashings w ith  d i s t i l l e d  w a ter . The gran u les were dried  a t  
60°C to  con stan t w eigh t under atm ospheric p ressu r e  b e fo re  u s e .
2 .7 .3 .  C h a r a c te r isa tio n  o f th e  Uncoated and N ylon 6 Coated 
A c tiv e  Carbon A dsorbents.
2 .7 .3 .1  A lcohol and Water E x tr a c t io n .
2 grammes of adsorbent g ran u les were shaken w ith  30ml o f w ater  
93% v /v  ethanol a t  30° fo r  tw en ty -fo u r  hours. The u l t r a v io le t  
spectrum  of th e  f i l t e r e d  supernatant showed con sta n t low absorbances  
o f  0 . 0 1 2  and 0 . 0 1 1  adbsorbance u n it s  fo r  th e  uncoated and n ylon  6 
coa ted  gran u les r e s p e c t iv e ly ,  w ith in  th e  range 220-330 nm. In a l l  
c a s e s  s o lu t io n s  of th e  model ad sorb ates were d ilu te d  p r io r  to  
sp ec tro p h o to m etr ic  assay  by a fa c to r  o f a t  l e a s t  tw e n ty -f iv e  tim es, 
th e r e fo r e  th e  in te r fe r e n c e  due to  leached  su b sta n ces  was con sid ered  
n e g l i g i b l e .
2 . 7 .3 .2 .  Determi n a t io n  o f th e  Heat of W etting by Organic S o lv e n ts .
H eats of w ettin g  d a ta  may be used to  determ ine w hether th e  
adsorbent gran u les  w i l l  a c t  as a m olecu lar s ie v e  when tak in g  up pure 
o rg a n ic  l iq u id s  of d i f f e r e n t  m olecu lar w e ig h ts . The h ea t o f w e ttin g  
f o r  s i l i c o n e  o i l  (2  cp grade) and benzene were* determ ined by 
th e  Chemical D efence E sta b lish m en t, P orton  Down u sin g  a record ing
- 1
m icr o ca lo r im eter . The h e a ts  of w e ttin g  fo r  s i l i c o n e  o i l  were 107 Jg 
and 118 Jg"^ fo r  th e  coated  and uncoated m ater ia l r e s p e c t iv e ly .
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S im ila r ly  fo r  benzene, h ea ts  o f w e ttin g  were 130 Jg  ^ and 135 Jg  ^
fo r  the coated  and uncoated adsorbents r e s p e c t iv e ly .  These 
d if fe r e n c e s  in  the v a lu es  fo r  the benzene and s i l i c o n e  o i l  h ea ts  o f  
w e ttin g  cannot be con sid ered  s ig n if ic a n t  and in d ic a te s  th a t the carbon  
gran u les do not show a h igh  degree o f  s p e c i f i c i t y  w ith  r e sp e c t  to  
d if f e r in g  s o lu te  m olecular w eigh t (S m ith ,^Personal Communication).
2 .7 .3 .3 .  S a tu ra tio n  Vapour Uptake o f  Organic L iq u id s by the Nylon 6 
Coated and Uncoated Adsorbent G ranules.
The sa tu r a tio n  vapour uptake i s  a method o f a s s e s s in g  the volume 
o f  the adsorbent a v a ila b le  fo r  the a d so rp tio n  o f  low  m olecu lar w eigh t  
m o lec u les . The t e s t  sample i s  w eighed , then  p la ced  in  a d e s ic c a to r  
co n ta in in g  the ad so rb a te , and m aintained a t  a co n sta n t 25° in  an 
in cu b a to r . The adsorbent w i l l  con tin u e to  take up th e vapour u n t i l  
i t  i s  sa tu ra ted  which i s  taken to  be com plete when th e sample w eigh t  
i s  c o n sta n t. The sa tu r a tio n  vapour uptake i s  exp ressed  as a w eight 
percentage and a sa tu r a tio n  volume uptake w hich may be ob ta in ed  
from th e w eigh t p ercen tage u s in g  th e l iq u id  density .*  Table 2 .7  
summarises the sa tu r a t io n  vapour uptake d a ta . These data in d ic a te  
th a t the volume a v a ila b le  to  the th ree  t e s t  vapours i s  th e  same 
showing th a t the adsorbent granu les e x h ib it  no m olecu lar s ie v e  
behaviour fo r  compounds o f  m olecular w eigh t o f  l e s s  than 1 5 3 ,8 .
Table 2 .7  S a tu ra tion  Vapour Uptake Data fo r  Three T est S o lv en ts  
on to  Nylon 6 Coated and Uncoated A ctiv e  Carbon a t 2 5 ° .
i n n
A /•? A/
S o lven t M olecular
Weight
P ercen tage
S a tu ra tio n
w/w
S a tu ra tio n  
volume cm^g-l
uncoated coated uncoated coated
carbon
te tr a c h lo r id e 153 .8 104 99 0 .6 5 0 .6 2
benzene 78.1 58 55 0 . 6 6 0 .6 3
chlorobenzene 1 1 2 .6 71 70 0 .6 5 0 .6 3
2 .7 .3 .4  D eterm ination  o f  Pore Volume and S iz e  D is tr ib u t io n  by 
Mercury P orosim etry .
The in v e s t ig a t io n  o f  the porous nature o f  a c t iv e  carbon was 
id e n t ic a l  to  th a t o f  nylon  6 powder (se e  S e c tio n  2 . 6 . 2 . 6 ) .  The
porogram fo r  a c t iv e  carbon i s  shown in  f ig u r e  2 .7 .  The cum ulative
p ercentage pore volume curve i s  convex w ith  r e sp e c t  to  the pore  
rad iu s a x is  in d ic a t in g  th a t the d is t r ib u t io n  i s  in com p lete and th a t  
the porous s tr u c tu r e  o f  the a c t iv e  carbon granule co n tin u es below  5o£, 
the lower l im it  o f  s e n s i t i v i t y  o f  the in stru m en t. The a c t iv e  carbon  
granu les have a t o t a l  pore volume (between 50 -  75,OOo£ ) o f  
0 .269  cm^g four tim es th a t o f  nylon  6 powder, 51% o f  the pore  
volume p resen t as t r a n s it io n a l  p o r e s , 49% as m acropores. M icrop orosity  
i s  im p lied  from the s lo p e  o f  the cum ulative pore volume d is t r ib u t io n  
curve which i s  convex to  the pore rad iu s a x is .
The porogram fo r  nylon  6 coa ted  a c t iv e  carbon i s  shown in  f ig u r e









































coated m ater ia l i s  ch a ra c te r ised  by t h i s  tech n iq u e . The e x te n t  
o f  damage in f l i c t e d  on th e  co a t by th e  a p p lic a t io n  o f th e  h igh  
vacuum during th e  d ila to m e te r  f i l l i n g  p ro cess  must be taken  in to  
c o n s id e r a t io n  when in te r p r e t in g  th e  porogram fo r  th e  coated  m a te r ia l.
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SORPTION STUDIES
3 .1  ASSAY PROCEDURES
A ssays fo r  s o lu te  co n cen tra tio n  fo r  both  s in g le  s o lu te  and b inary  
s o lu te  s o lu t io n s  were c a rr ied  out u s in g  u l t r a v i o le t  sp ectrop h otom etric  
m ethods.
3 .1 .1  A ssay o f  the C oncentration  o f  S in g le  S o lu te  S o lu t io n s .
The ab sorb ance. A, o f  a s o lu te  o f molar c o n c e n tr a tio n , C, a t  a 
g iven  w avelength  i s  g iv en  by th e  Beer-Lambert r e la t io n s h ip  (eq u ation  
3 .1 ) .
A « E X c X 1 ........................ ( 3 .1 ) .m
E i s  th e molar e x t in c t io n  c o e f f i c i e n t  and 1 i s  th e s o lu t io n  path  m
le n g th . A p lo t  o f absorbance v ersu s molar co n cen tra tio n  a t  the
wavelength of maximum absorbance, the X is typically linear over
the range 0 - 0 . 7  a b so r b a n c e ,u n its , where th e s lo p e  i s  equal to  th e
molar e x t in c t io n  c o e f f i c i e n t ,  E . The molar co n cen tra tio n  o f  am
s o lu t io n  o f  unknown c o n cen tra tio n  may then be determ ined u sin g
eq u ation  3 .1  by m easuring th e absorbance o f th e  s o lu t io n  under t e s t ,
a t the X and by ap p ly in g  th e E v a lu e  to  o b ta in  the c o n c e n tr a tio n , max,  ^  ^ m
The sp ectrop h otom etric  a ssa y s  were c a r r ie d  out in  M cllva in e*s b u ffe r  
a t pH 2 .3 2  or pH 8 .0  a t a c o n tr o lle d  io n ic  s tr e n g th . (E lv in g  e t  a l  
1 9 5 6 ). The b u ffe r  a t  pH 2 .3 2  was form ulated  a t 0.5M io n ic  s tr e n g th
and the pH 8 .0  b u ffe r  a t l.OM. S e le c t io n  o f  th e se  pH v a lu e s  ensured
th a t th e s o lu te s  were e i th e r  f u l l y  io n is e d  or u n io n ise d . The Em
v a lu es  were determ ined from r e p l ic a t e  c a l ib r a t io n  experim ents u sin g  
s o lu t io n s  o f known c o n c e n tr a tio n . Data from th e c a l ib r a t io n  p lo t  was 
subm itted to  a com puterised  l in e a r  le a s t -s q u a r e s  r e g r e s s io n  a n a ly s is
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to  o b ta in  the molar e x t in c t io n  c o e f f i c i e n t  E and the in te r c e p t  onm
the o rd in a te  a x is .  In a l l  ca ses  the in te r c e p ts  were w ith in  two
standard d e v ia t io n s  o f th e  o r ig in  and the c a l ib r a t io n  curves a l l
showed h igh  lin e a r  c o r r e la t io n  c o e f f i c i e n t s .  The c a l ib r a t io n  p lo t s
a l l  th e r e fo r e  obeyed the Beer Lambert Law over the range o f the
absorbance s tu d ie d . The system  i s ,  th e r e fo r e , f u l l y  d escr ib ed  u s in g
the molar e x t in c t io n  c o e f f i c i e n t  and t h is  v a lu e , to g e th e r  w ith  i t s
a s so c ia te d  standard d e v ia t io n  w i l l  be p resen ted  in  th e t a b le s .  The
E^ v a lu e s  obtained  from two r e p l ic a t e  d eterm in ation s were compared
u sin g  a t - t e s t  (Appendix 1 ) .  The two v a lu e s  fo r  each  s o lu te  were
not s ig n i f ic a n t ly  d if f e r e n t  a t  th e  95% le v e l  o f  s ig n if ic a n c e  and
the mean o f the two v a lu e s  w as, th e r e fo r e , used in  subsequent
c a lc u la t io n s .  V alues o f  X and E fo r  th e fou r model s o lu te smax m
are g iv en  in  ta b le  3 .1 .  The pK  ^ v a lu e s  quoted in  ta b le  3 .1  fo r  
phenol and 4 -n itro p h en o l are n ot co rr ec ted  fo r  io n ic  s tr e n g th . The 
a n a ly t ic a l  pH o f 2 .32  i s ,  however, s i g n i f i c a n t l y  low er than 1 0 .0  and 
7 .15  (the p v a lu es  o f  phenol and 4 -n itrop h en o l) th e r e fo r e  sm all 
changes in  pk^  due to  io n ic  s tr e n g th  a f f e c t s  can be ign ored .
3 .1 .2  Assay o f S o lu te  C oncen tration s in  B inary S o lu te  S o lu tio n .
Spectrophotom etric methods may be employed to  e s t im a te  the  
co n cen tra tio n  o f  compounds in  b in a ry  s o lu te  s o lu t io n ,  provided  th a t  
the a b sorp tion  o f  the minor component can he e i th e r  su b tra cted  or  
n e g le c te d  (B eck ett and S ten lak e 1970) ,
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Two c a se s  of mixed ab so rp tio n  sp e c tr a  t y p ic a l ly  a r is e  in  t h i s  type 






F igu re 3 .1  Schem atic R ep resen ta tio n  of Mixed A bsorption  Spectra  
T yp ica l of the Spectrophotom etric  A n a ly s is  of Binary S o lu te  S o lu tio n s .
Case 1 shows th a t  th ere  i s  mutual in te r fe r e n c e  by each component 
a t  th e  maximum absorbance o f th e o th er , hence th e  t o t a l  absorbance  
depends upon two in d ep en d en tly  v a r ia b le  and unknown c o n c e n tr a tio n s .  
R e so lu t io n  of the m ixture i s  however p o s s ib le  by m easuring the  
com p osite  absorbance a t  two w avelengths corresponding to  th e X
max
o f  each component and s o lv in g  th e  Beer Lambert eq u a tio n  in  th e form 
o f  two sim ultaneous l in e a r  eq u ation s.
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Absj^  ^ = X + E®  ^ X C® ) X 1 ..............(3 .2 )
= ( E \ b  % C* + GXb = C* ) % 1 ..............(3 .3 )
where
Abs = absorbance
E = molar e x t in c t io n  c o e f f i c i e n t  
C = molar co n cen tra tio n
1 = c e l l  p ath  le n g th  (1  cm)
= w avelength  o f  maximum a b sorp tion  o f  s o lu te  A
^ ^ = w avelength  o f maximum a b sorp tion  o f  s o lu te  B
Equations 3 ,2  and 3 .3  can be so lv e d  to  y ie ld  v a lu es  o f  and 
provided  th a t a l l  o th er  v a lu e s  are e i th e r  known or can be ex p er im en ta lly
measured. A ssays fo r  e th y l 4-am inobenzoate in  th e  p resen ce o f  4—
n itro p h en o l and 4-m ethoxybenzoic acid  were both  exam ples o f  ca se  1
type behaviour ( f ig u r e  3 .1 ) .  A bsorption  sp ec tra  and e x t in c t io n
c o e f f i c i e n t  data are g iven  in  f ig u r e  3 .2  and 3 .3  and ta b le s  3 .2
and 3 .3  r e s p e c t iv e ly .  In most c a s e s ,  the b u ffe r s  used in  th e
experim ental d eterm ination  and the a n a ly t ic a l  d eterm in ation  were a t
a con sta n t io n ic  s tr e n g th  o f 0 .5  M. The iso th erm  d eterm in ation s
from aqueous e th y l 4-am inobenzoate were not c a r r ie d  out a t  con sta n t
io n ic  s tr e n g th , the a s sa y  o f t h is  system  was not th e r e fo r e  a t  0 .5  M
io n ic  s tr e n g th . The pH change a s so c ia te d  w ith  sm all changes in  io n ic
s tr e n g th  a r is in g  from d i lu t io n  p r io r  to  a ssa y  was con sid ered
n e g l i b i l e  as the pH o f the a n a ly t ic a l  d eterm in ation  was in  e x c e ss
o f 5 u n it s  above the pK  ^ o f e th y l 4—am inobenzoate.
The a ssa y  o f  e th y l 4-am inobenzoate in  the p resen ce o f  4 ^ n itro — 
phenol was ca rr ied  out a t  pH 2 .3 2  where a s a t i s f a c t o r y  r e s o lu t io n  o f
131
e th y l 4-am inobenzoate (1 .0 3 x l0 ~  M)
0 .8





F ig  3 .2  A bsorption  Spectra  fo r  E th y l 4-am inobenzoate and 
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e th y l 4-am inobenzoate  
(3 .66x10  ^M)
4-m ethoxybenzoic acid
(4 ,8 8 7 x l5 ”\ )
240 260 280 300 320220
W avelength nm
F igure 3 .3  A bsorption  Spectra fo r  E thyl 4-am inobenzoate and
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sp e c tr a  was achieved  to g e th e r  w ith  a high s e n s i t i v i t y .  S p ec ia l 
p recau tion s w ere, however, n ecessa ry  as e th y l 4-am inobenzoate was 
p resen t in  an u n ion ised  s p e c ie s  f r a c t io n  of approxim ately 38%.
As a pH change of 0.05% would in tro d u ce  a 7% err o r  in to  th e  a ssa y  
i t  was e s s e n t ia l  th a t both th e  pH and io n ic  s tr e n g th  of the  
a n a ly t ic a l  s o lu t io n s  were c a r e fu l ly  c o n tr o lle d .  The io n ic  s tren g th  
o f  both  the experim ental and a n a ly t ic a l  b u ffe r  s o lu t io n s  was 0 .5  M, 
no fu r th e r  s te p s  were th e r e fo r e  n ecessary  to  co n tro l th e  io n ic  
s tr e n g th . The pH of th e  a n a ly t ic a l  b u ffe r  s o lu t io n  was ad ju sted  
to  2 .3 2  u sin g  sm a ll volumes of con cen trated  acid  or a lk a l i  s o lu t io n  
a s  req u ired . Two r e p l ic a t e  c a l ib r a t io n  curves obtained  under th e se  
c o n d itio n s  were not s ig n i f i c a n t ly  d i f f e r e n t  a t  th e  95% le v e l  of 
s ig n i f ic a n c e .
The second and s im p ler  mixed assay  (Case 2 , f ig u r e  3 .1 )  a r i s e s  
where th e  absorbance o f one component i s  zero a t  th e  w avelength  
o f  maximum a b so rp tio n  of th e  o th e r . The a n a ly t ic a l  method aga in  
in v o lv e s  experim ental d eterm in a tio n  of th e  com posite absorbance a t  
two w avelen gth s, however, th e  two co n cen tra tio n s  may be c a lc u la te d  
in d ep en d en tly  in stea d  of u sin g  sim ultaneous eq u a tio n s .
Aa ° * C* X 1  (3.4)
A)b ■  (3 -5 )
A
The v a lu e s  o f C can be c a lc u la te d  from eq u a tio n  (3 .4 )  d ir e c t ly ,
a s  th ere  i s  no in te r fe r e n c e  from component B a t  th e  w avelength  o f
A
maximum^absorption of component A. I f  C i s  known, a l l  c o n sta n ts  
in  eq u a tio n  3 .5  a re  a v a ila b le  to  c a lc u la te  th e  rem aining v a r ia b le ,  
C^. The assay o f 4 -n itro p h en o l in  th e  p resen ce  of phenol and
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4-m ethoxybenzoic a c id  were both  exam ples o f ca se  2 type mixed 
s p e c tr a . D e ta ils  o f  sp ec tra  and e x t in c t io n  c o e f f i c i e n t  data are  
g iv en  in  f ig u r e  3 .4  and ta b le  3 .4  and f ig u r e  3 .5  and ta b le  3 .5  
r e s p e c t iv e ly .  The use o f  the Beer-Lambert r e la t io n s h ip  to  
e s t im a te  the co n cen tra tio n  o f two s p e c ie s  in  mixed s o lu t io n  assumes 
th a t  the com posite spectrum  a r is e s  from the a r ith m e tic  sum o f  the  
in d iv id u a l sp e c tr a . I t  i s  im portant th a t the a d d it iv e  nature o f  
the Beer-Lambert r e la t io n s h ip  i s  e s ta b lis h e d  fo r  a p a r t ic u la r  
b in ary  system , u s in g  t e s t  s o lu t io n s ,  p r io r  to  r o u tin e  u s e . The 
absorbance o f  b in ary  s o lu t io n s  o f  known com position  was measured 
and th e data subm itted  to  a m u lt ip le  l in e a r  r e g r e s s io n  a n a ly s is ,  
based on eq u ation  3 .2  (Appendix 1 ) .  The molar e x t in c t io n  
c o e f f i c i e n t  v a lu es  estim ated  from the m u lt ip le  l in e a r  r e g r e s s io n  
a n a ly s is  were compared w ith  s in g le  s o lu te  data u s in g  a t - t e s t .
The r e s u l t s  o f t h is  in v e s t ig a t io n  are summarised in  ta b le  3 .6 .  In  
a l l  ca se s  the c a lc u la te d  v a lu e  o f  t  d id  not exceed the ta b u la ted  
v a lu e  a t  the 95% le v e l  o f  s ig n i f ic a n c e .  The mixed Beer-Lambert 
a n a ly t ic a l  d eterm in ation  o f  b in a ry  mixed s o lu t io n s  was th e r e fo r e  
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F igure 3 .4  A bsorption  Spectra fo r  Phenol and 4 -N itrop h en o l 
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Fig u re  3 .5  A bsorption  S p ectra  fo r  4-m ethoxybenzoic a c id  : 
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3 .2  THE SORPTION OF M3 DEL SOLUTES BY NYLON 6 POWDER
3 .2 .1  Standard Procedure fo r  th e  D eterm in ation  of S o rp tio n  
from D ilu te  Aqueous S o lu t io n .
A standard techn ique was employed to  enab le eq u ilib r iu m  of  
s o lu t io n  w ith  ry lo n  6 powder and sam pling to  be ca rr ied  out under 
iso th erm al co n d itio n s  (R ichardson 1973 ). Samples o f n y lon  6 powder 
were a c cu ra te ly  weighed in to  tared  50ml c o n ic a l f la s k s  f i t t e d  w ith  
ground g la s s  f la n g e s  to  a ccep t g la s s  s to p p er s . The w eigh t of 
powder used varied  from 20  to  20 0mg depending upon  th e  range of  
ad sorb ate  up take bein g  in v e s t ig a t e d .  A 10ml volume of s in g le  s o lu te  
or binary s o lu te  s o lu t io n  was a c c u r a te ly  p ip e tte d  in to  th e  f la s k  
which was then  sea led  by f i t t i n g  th e  g la s s  s to p p e r . The f la s k  was 
th en  shaken h o r iz o n ta l ly  in  a thermos ta tte d  shaking w ater bath  a t  
7 c y c le s  per m inute u n t i l  eq u ilib r iu m  was a t ta in e d . The ground g la s s  
fa c e s  were lu b r ic a ted  w ith  A piezon T grea se  to  ensure th a t  a w ater­
t ig h t  s e a l was a ch iev ed . The f la s k  was submerged in  th e  bath  to  a 
depth le v e l  w ith  th e  c e n tr e  of th e  s to p p e r . T h is  prevented  
ev a p o ra tio n  of so lv e n t  from th e  su r fa c e  of th e s o lu t io n  fo llo w ed  by 
subsequent con d en sation  on the upper p o r tio n  o f th e  f la s k ,  vdiich 
would have e f f e c t i v e ly  in creased  th e  s o lu t io n  c o n c e n tr a tio n . At 
eq u ilib r iu m , sam ples of the supernatant s o lu t io n  were withdrawn 
fo r  spe c t  r op ho tome tr  ic  assay u s in g  a g la s s  tube c lo se d  a t  one end 
w ith  a number 3 s iz e  s in te r e d  g la s s  f i l t e r  d i s c .  Samples were 
r a p id ly  withdrawn by app ly ing  s u c t io n  to  th e f i l t e r  tube which were 
th en  tra n sferred  to  10ml v o lu m etr ic  f la s k s  to  e q u i l ib r a t e  to  
ambient tem perature b e fo r e  d i lu t io n  w ith  th e  a p p ro p ria te  a n a ly t ic a l  
b u ffe r  p r io r  to  a s s ^ .  A co n tro l f la s k  was in c lu d ed  in  each
f n
i .  Vî ü
experim ental batch o f f la s k s ,  c o n s is t in g  of an ap p rop ria te  w eight 
o f  ny lon  6 powder suspended in  b u ffe r  s o lu t io n  w ithout a d sorb ate . 
The con tro l f la s k  was s e t  up, sampled and assayed  u sin g  th e  
standard tech n iq u e . In a l l  ca se s  th e c o n tro l f la s k  confirm ed  
th a t  no u lt r a  v i o l e t  absorbing s p e c ie s  were leached  from th e  
polym er which would g iv e  r i s e  to  errors in  th e a ssa y . V alues of 
uptake w ere c a lc u la te d  u sin g  eq u ation  1 . 1 .
3 .2 .2  E q u ilib r a t io n  Times.
C onfirm ation  o f th e  attainm ent o f eq u ilib r iu m  i s  e s s e n t ia l  
a s  th e  a n a ly s is  o f so r p tio n  data i s  c a rr ied  out on th e  b a s is  th a t  
th e  system  i s  a t  eq u ilib r iu m . F lask s c o n ta in in g  th e  ap p rop ria te  
w eigh t of n y lon  6 powder, used fo r  a p a r t ic u la r  system , and 10ml 
o f  s o lu t io n  were shaken a t  30° fo r  vary in g  tim e in te r v a ls  under 
standard co n d itio n s  b e fo re  a ssa y . The uptake o f ad sorbate on to  
n y lon  6 powder as a fu n c tio n  o f time i s  shown in  ta b le  3 .7 .  The 
r e s u l t s  g iv e n  in  ta b le  3 .7  a re  th e  mean v a lu e s  o f r e p l ic a t e  
d eterm in ation s u sin g  60 mesh nylon  6 powder. In a l l  c a se s ,  
maximum uptake occurred w ith in  one hour. Shaking tim es w ere, 
th e r e fo r e , in  e x c e ss  o f two hours to  ensure th a t  eq u ilib r iu m  had 
b een  e s ta b l is h e d .  The eq u ilib r iu m  tim e was redeterm ined f o r  each  
change in  experim ental c o n d it io n s , fo r  both  s in g le  s o lu te  and 
binary s o lu te  s o lu t io n s ,  and th e  minimum two hour shaking tim e was 
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3 .2 .3  C h a r a c ter isa tio n  of th e  S o rp tio n  Isotherm .
The so r p tio n  isotherm  fo r  e th y l 4-am inobenzoate in  aqueous 
s o lu t io n  was used to  e s t a b l is h  th e  r e p r o d u c ib i l ity  of the standard  
procedure and a ls o  to  stud y  th e  e f f e c t s  o f a l t e r in g  th e  sample 
w eig h t and p a r t ic le  s iz e  o f sorbent in  th e  system . Two f la s k s  
w ere s e t  up fo r  each i n i t i a l  c o n c e n tr a tio n  and a maximum d if f e r e n c e  
o f  2% was allow ed fo r  r e p l ic a t e  v a lu e s  of th e  uptake. I f  th e  
d if fe r e n c e  in  uptake exceeded t h i s  l i m i t ,  th e  supernatant s o lu t io n s  
w ere r e - a s s ^ e d  and i f  p r e c is io n  was not improved th e  whole
I
d eterm in a tio n  was rep ea te d . T h is procedure was c a rr ied  out fo r  
a l l  n y lon  6 isotherm  d eterm in ation s d escr ib ed  su b seq u en tly . Two 
r e p l ic a t e  isotherm s were determ ined f o r  th e  so r p t io n  o f e th y l  
4-am inobenzoate from aqueous s o lu t io n  u s in g  200 mg o f 60 mesh ny lon  
6 powder. In a d d it io n , iso th erm s were determ ined u sin g  100 and 
400 mg of t h is  sorb en t. To study th e  e f f e c t  o f p a r t ic l e  s i z e ,  
two r e p l ic a t e  so r p tio n  isotherm s were determ ined u sin g  2 0 0  mg of 
sorb en t and p a r t ic le  s iz e  fr a c t io n s  corresponding t o  > 6 0  mesh,
60 -  12 0  mesh and < 1 2 0  mesh s ie v e  d ia m eters.
Treatment of R e s u lt s .
T yp ical data  fo r  th e so r p t io n  o f e th y l 4-am inobenzoate are
g iv e n  in  ta b le  3 .8  and th e  s o r p t io n  isotherm s fo r  uptake on to  200
_ 3
and 400 mg of sorbent over th e  c o n c e n tr a tio n  range 0 -  6 x lOM a re  
shown in  f ig u r e  3 .6 .  The isotherm  i s  l in e a r  and may be d escr ib ed  
a s  a type accord ing to  G i le s '  c l a s s i f i c a t i o n .  The d ata  fo r  t h i s  
isotherm  d eterm in ation  was an a lysed  by a com puterised  l in e a r  l e a s t -  
sq u ares r e g r e s s io n  program and th e  s lo p e s  (K v a lu e s )  and in te r c e p ts  
to g e th e r  w ith  o th er  a s so c ia te d  s t a t i s t i c a l  d a ta  are summarised in  
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FIG 3 .6  SORPTION ISOTHERM OF ETHYL 4-AMINOBENZOATE BY 60
MESH NYLON 6 POWDER FROM AQUEOUS SOLUTION AT 30
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Table 3 .8  Data fo r  thé Sorption  I s o tliérm o f  E th yl 4—Amiiiobérizoàte 
by 60 Mesh Nylon 6 PoW er From Simple Aqüéôüs S o lu tio n  a t  30°. 
( I n i t i a l  C oncentration  Range 0 -  6 x  10  ^ M).











2 .061 1.421 0 . 2 0 0 0 .0032
1.415 0 . 2 0 0 0 .0032
4 .108 2 .936 0 .3 0 0 0.0059
2.869 0 . 2 0 0 0 .0063
6 .150 4 .430 0 . 2 0 0 0.0086
4 .460 0 . 2 0 0 0 .0084
6 .169  ' 4 .352 0 . 2 0 0 0.0091
4 .2 5 0 0 . 2 0 0 0.0091
8.126 5 .803 0 . 2 0 0 0 .0116
5 .803 0 . 2 0 0 0.0116
10.19 7.325 0 . 2 0 0 0 .0143
7.325 0 . 2 0 0 0 .0143
12 .31 8 .961 0 . 2 0 0 0.0167
8 .873 0 . 2 0 0 0 .0173
1 5 .10 1 1 . 0 0 0 . 2 0 1 0 .0204
10 .90 0 . 2 0 0 0 . 0 2 1 0
21.17 15.57 0 . 2 0 0 0 .0280
1 5 .53 0 . 2 0 0 0 .0282
30 .00 2 2 . 0 0 0 . 2 0 0 0.0401
2 2 . 0 0 0 . 2 0 0 0 .0401
38 .96 28 .62 0 . 2 0 0 0.0516
28.66 0 . 2 0 0 0.0516
51 .54 37 .60 0 . 2 0 0 0 .0697
37.72 0 . 2 0 0 0 .0690
6 0 .8 0 4 4 .00 0 . 2 0 2 0 .0834
4 4 .00 0 . 2 0 2 0.0834
D isc u ss io n  o f R e s u lts .
The iso th erm  data a l l  show h igh  l in e a r  c o r r e la t io n  c o e f f ic e n t s  
and in  most ca ses  the in te r c e p ts  spanned the o r ig in  w ith in  two 
standard d e v ia t io n s .  In se v e r a l c a s e s ,  however, th e  in te r c e p ts  
were o u ts id e  the l im it  o f  two standard d e v ia t io n s  from th e o r ig in  
although  the v a lu e  o f  the in te r c e p t  was n u m er ica lly  sm all compared 
to  the lo w est v a lu e  o f uptake. The iso th erm s were con sid ered  to
be C^  type in  nature a lthough  n ot f u l f i l i n g  th e c r i t e r ia  o f
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Table 3 .9  S t a t i s t i c a l  Data fo r  R e p lic a te  Isotherm  D éterm inations  
o f  E thyl 4-am ihdbéhzdàté onto 60 Mesh Nylon 6 Powder from  





D ev ia tio n




D ev ia tio n
4
X 10
C o rre la tio n
C o e f f ic ie n t
0 -  6 X 10“ \ 1 8 .6 0 . 2 -  1 .75 3 .85 0 .999
0 . 2  gramme
0 -  1 X 1 0 " \ 18 .2 0 . 2 3 .86 6 .2 4 0 .999
0 . 2  gramme
0 -  5 X 10” \ 18 .1 0 . 2 6 .3 1 2 .8 4 0 .999
0 . 1  gramme
0 -  5 X 10” M^ 19 .4 0 .3 3 .06 1 .34 0 .999
0 .4  gramme
A n a ly s is  o f vair ian ce F 1 c a lc “ 0 - 0 2  Ftab j 3g = 2 .8 8  (P = 0 .0 5 )
"49i
R ichardson (1973) which i s  d isc u sse d  in  S e c t io n  4 . 1 .2 . 1 .1 .  L inear
isotherm s can be ch a ra c te r ised  by t h e ir  s lo p e , or K v a lu e , a s  th e
uptake of the s o lu te  i s  d ir e c t ly  p ro p o rtio n a l to  the eq u ilib r iu m
c o n c e n tr a tio n . For a l l  o th er  in te r a c t io n  system s where type
l in e a r i t y  was found, o n ly  th e  K v a lu e s  and in te r c e p t s ,  to g e th er
w ith  t h e ir  a s so c ia te d  standard d e v ia t io n s  and th e  c o r r e la t io n
c o e f f i c i e n t  a re  su b seq u en tly  quoted in  th e  t e x t .
Comparison of th e K v a lu e s  fo r  th e  s o r p t io n  of e th y l 4 -
- 3
am inobenzoate over th e  range 0 -  5 x  10 M i n i t i a l  co n cen tra tio n
u sin g  0 .2  gramme of 60 mesh n y lon  6 powder ( ta b le  3 .9 )  showed them
to  be not s ig n i f i c a n t l y  d i f f e r e n t  ( t  _ = 1 .4 1 , t
c a lc u la te d  tab u la ted
* 2 .0 4  n^ + ^2 F = 0 .0 5 ) .  Table 3 .9  a ls o  shows th a t  sorbent
w eigh t does not in f lu e n c e  so r p tio n  a s  the s lo p e s  (K v a lu e s )  fo r  
0 .1  gramme, 0 .2  gramme and 0 .4  gramme, 60 mesh n ylon  6 powder 
u sin g  an F t e s t  (Appendix 1) were a ls o  not s ig n i f i c a n t l y  d i f f e r e n t .  
S im ila r ly , th e  d ata  in  ta b le  3 .1 0  in d ic a te s  th a t th ere  i s  no 
s ig n i f ic a n t  d if f e r e n c e  in  the K v a lu e s  u s in g  sorb en t p a r t ic l e s  of 
> 60 , 60 -  120 and < 120 s ie v e  s i z e .  The > 60 mesh s i z e  f r a c t io n  
o f  nylon  6 powder was th e r e fo r e  used fo r  a l l  subsequent so rp tio n
exp erim en ts. The mean v a lu e  of K in  ta b le s  3 .9  and 3 .1 0  was 18 ,73
—1 —1
1 Kg which i s  c lo s e  to  th a t of 19 .43  1 Kg obtained  fo r  th e
so r p t io n  o f e th y l 4-am inobenzoate from unbuffered  aqueous s o lu t io n  
co n ta in in g  no added e l e c t r o ly t e  by R ichardson (1 9 7 3 ).
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Table 3 .1 0  S t a t i s t i c a l  Data fo r  th e  S o rp tio n  o f E th y l 4-am inobenzoate  
From Aqueous S o lu t io n  on to  Nylon 6 Powder o f D if fe r e n t  P a r t ic le  






D e v ia t io n






D e v ia t io n
4
X 10
C o rre la tio n
C o e f f ic ie n t
60 18.7 0 .3 - 5 .0 3 6 . 8 8 0 .9 9 9  '
18.5 0 .3 5 .7 5 8 .0 4 0 .9 9 9
60 -  120 18 .5 0 .3 15 .75 7 .4 7 0 .999
18 .9 0 .5 8 .85 11 .40 0 .9 9 9
<  120 19 .1 0 . 6 1 2 . 0 1 18.02 0 .998
19 .2 0 .3 4 .27 6 .5 8 0 .9 9 9
A n a ly s is  o f V ariance F , c a lc
« 0 .6 9  F
tab  ^ 24“ 2 .6 2  (P -  0 .0 5 ) .
3 .2 .4  The S o rp tio n  o f Model S o lu te s  from S in g le  S o lu te  S o lu t io n .
The s o r p t io n  o f ph en ol, 4 -n itr o p h e n o l, e th y l 4-am inobenzoate and 
4—m ethoxybenzoic acid  was determ ined from co n sta n t io n ic  s tr e n g th  b u ffe r  
(M c llv a in e ’ s c i t r a t e  phosphate, 0.5M) a t  3 0 ° . The pH o f th e  system s 
used were s e le c te d  to  o p tim ise  th e f r a c t io n  of th e  s o lu te  in  th e  
u n io n ised  form p resen t in  b inary  s o lu te  s o lu t io n s  which were th e  
su b je c t  of l a t e r  s tu d ie s  (S e c t io n  3 . 2 . 5 . 1 . 1 . ) . The so r p t io n  o f phenol 
and 4 -n itro p h en o l was stu d ied  a t  pH 2 .3 2  and e th y l 4-am inobenzoate  
and 4-m ethoxybenzoic acid  a t  pH 3 .4 4 .  The so r p t io n  isotherm s  
shown in  f ig u r e s  3 .7  -  3 .1 0  in d ic a te  th a t  e th y l 4-am inobenzoate, 
4-m ethoxybenzoic acid  and phenol are  o f th e  C^  ty p e , ov er  th e  
c o n c e n tr a tio n  range s tu d ie d , \ i ie r e a s  th a t  fo r  4 -n itro p h en o l i s  
o f  Cg ty p e . K v a lu e s  fo r  th e  model compounds are g iv en  in  Table 








2.0 4 .0 6.0
EQUILIBRIUM CONCENTRATION x  10 M
FIG 3 .7  SORPTION ISOTHERM OF ETHYL 4-AMINOBENZOATE BY NYLON 6 
POWDER FROM DILUTE SOLUTION AT pH 3 .4 4 (0 .  5M IONIC STRENGTH) 







2.0 4 .0 6.0 8.0
EQUILIBRIUM CONCENTRATION x  JO M
FIG 3 .8  SORPTION ISOTHERM OF 4»METH0XYBENZ0IC ACID BY NYLON 6 
POWDER FROM DILUTE SOLUTION pH 3 .4 4 ( 0 .5M IONIC STRENGTH) AT 







EQUILIBRIUM CONCENTRATION x  10 M
FIG 3 .9  SORPTION ISOTHERM OF PHENOL BY NYLON 6 POWDER FROM
DILUTE SOLUTION pH 2.32(0 .5M  IONIC STRENGTH) AND 30°________






1.0 2.0 3 .0 4 .0 5 .0
EQUILIBRIUM CONCENTRATION x 10 M
FIG 3 .1 0  SORPTION ISOTHERM OF 4-NITROPHENOL BY NYLON 6_______
POWDER FROM DILUTE SOLUTION AT pH 2 .3 2  Ç 0.5M IONIC STRENGTH) 
AND 30 ° . INITIAL CONCENTRATION RANGE 0 -  6 x  10"^M
1S5
d ata  in  th e  l in e a r  r ^ i o n  o f th e  iso th erm . As th e n atu re of 
th e  4 -n itro p h en o l isotherm  i s  c le a r ly  n o t com prehensively rep resen ted  
by th e  K v a lu e  th e experim ental data  a re  in clu d ed  in  Table 3 .1 2 .
Table 3 .1 1  S o rp tio n  Isotherm  Data fo r  Phenol 4 -n itro p h en o l 
4 -me thoxybenzo ic  acid  and E th y l 4-am inobenzoate from D ilu te  
Aqueous S o lu t io n  a t  30° and Io n ic  S tren gth  0.5M .
Compound pH K Standard In te r c e p t Standard C o rre la tio n
1 Kg"l
D e v ia tio n —1mol Kg 
_4
X 10
D e v ia tio n
X 1 0*
C o e f f ic ie n t
e th y l 4 -  
am ino- 3 .4 4 22 .3 0 . 6 4 .2 4 2 .7 5 0 .999
b en zoate
4-m ethoxy
b en zo ic
acid 3 .4 4 2 8 .1 0 . 8 3 .4 7 3 .3 8 0 .997
phenol 2 .3 2 1 1 . 6 0 .3 5 .2 5 .7 0 0 .998
4 - n i t r o ­
phenol * 2 .3 2 4 2 .3 0 .9 3 .8 3 2 .5 7 0 .998
* K v a lu e  determ ined from r e g io n  of th e s o r p t io n  isotherm  ( F ig .3 .1 0 )
3 .2 .4 .1  D eterm in ation  of th e  D eso rp tio n  Isoth erm .
The r e v e r s ib le  nature o f th e  b ind ing of b en zo ic  acid  d e r iv a t iv e s  
by n y lon  6 powder has been e s ta b lis h e d  p r e v io u s ly  (R ichardson 1973 ). 
D eso rp tio n  d a ta  was th e r e fo r e  o n ly  determ ined fo r  t h e ,in t e r a c t io n  o f  
n y lon  6 w ith  th e  two p h en o lic  s o lu t e s .  S o rp tio n  isotherm s fo r  phenol 
and 4 -n itro p h en o l ( in  th e  r e g io n  of th e  iso therm ) were determ ined  
u sin g  th e  standard  method d escr ib ed  in  S e c t io n  3 .2 ,1 .  At eq u ilib r iu m , 
e x a c t ly  5 ml o f th e  supernatant was removed fo r  a s sa y , and 5 ml of 
b u ffe r  s o lu t io n  was then added to  r e p la ce  th e  sam ple.
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Table 3 «12 Data fo r  th e  S o rp tion  I so th e m  o f  4 -n itro p h en o l by 
N ylon 6 Powder from D ilu te  S o lu tio n  pH 2 .3 2  (0.5M io n ic  stren g th )  
and 3 0 ° .
I n i t i a l  
C on cen tra tion  
M X 10^
' -----------------------------
E quilibrium  







1 . 2 0 1 .0 3 0 .0401 0 .4 2
1 .0 3 0 .0399 0 .4 2
1 .3 1 0 . 8 8 0 . 1 0 0 0 .4 2
0 .8 9 0 . 1 0 1 0 .41
2 .5 4 1 .7 4 0 . 1 0 0 0 .81
1 .73 0 . 1 0 1 0 .8 0
3 .6 7 3 .0 7 0 .4 0 2 1.49
3 .0 9 0 .0401  • 1 .45
3 .8 6 2 .6 5 0 . 1 0 1 1 . 2 0
2 .6 2 0 . 1 0 1 1 .23
4 .8 3 4 .1 2 0.0401 1 .77
4 .1 1 0 .0402 1 .8 0
5 .0 7 4 .6 3 0.0195 2 .0 8
4 .6 6 0 .0196 2 .0 8
5 .1 4 3 .6 2 0 .0 9 9 1 .52
3 .5 8 0 . 1 0 0 1 .55
5 .4 9 5 .0 7 0 . 0 2 0 0 2 .09
5 .0 7 0 .0203 2 .0 5
5 .9 8 5 .2 0 0 .0398 1.97
5 .2 0 0 .0399 1 .96
5 .9 9 5 .5 9 0.0197 2 . 0 2
5 .5 8 0 .0198 2 .0 6
6 .4 0 4 .4 8 0 . 1 0 0 1 .9 1
4 .4 8 0 . 1 0 0 1 .91
The b u ffe r  s o lu t io n  was returned  v ia  th e  same s in te r e d  g la s s  f i l t e r  
tube to  ensure th a t  a l l  n y lon  6 powder, adhering to  th e  f i l t e r  in  
th e  cou rse o f sam pling was washed back in to  the f la s k  to  m inim ise 
l o s s  of powder w e ig h t. The system  was then  a llow ed  to  r e e q u il ib r a te  
and was resam pled u sin g  th e  standard p roced u re . The so rp tio n  and 
d e so r p tio n  isotherm s were both  l in e a r  type fo r  th e se  compounds;
K v a lu e s  fo r  th e  s o r p t io n  and d eso rp tio n  iso th erm s a re  g iv en  in  
ta b le  3 .1 3 ,  Comparison o f  th e  K v a lu e s  u s in g  the t - t e s t  fo r  s im ila r
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s lo p e s  confirm s th a t  no s ig n i f ic a n t  d if f e r e n c e  e x i s t s  betw een th e  
s o r p t io n  and d e so r p tio n  isotherm s a t  th e  95% le v e l  of s ig n if ic a n c e  
( ta b le  3 .1 3 ) .  The b ind ing of phenol and 4 -n itro p h en o l by n y lon  6 
was th e r e fo r e , con sid ered  to  be f u l l y  r e v e r s ib le .
3 . 2 .5 .  S o rp tio n  Isotherm s from Binary S o lu te  S o lu t io n s .
Isotherm s fo r  th e  four model s o lu t e s  were determ ined from 
b in ary  mixed s o lu t io n  u sin g  th e  standard experim ental p rocedure.
The b inary system s used are id e n t i f i e d  in  terms o f th e  r a t io s  of 
t h e i r  i n i t i a l  c o n c e n tr a tio n s . The system  of nom enclature adopted 
i s  a statem ent of th e  two adsorbate s p e c ie s ,  fo llo w ed  by t h e ir  
r e s p e c t iv e  i n i t i a l  co n cen tra ion  molar r a t io  in  p a ren th eses . Thus 
a phenol : 4 -n itro p h én o l (5 :1 ) system  r e p r e se n ts  a s o lu t io n  
w here th e  i n i t i a l  molar co n cen tra tio n  o f phenol i s  5 tim es th a t  
o f  4 -n itr o p h e n o l. T h is system  g iv e s  an in d ic a t io n  o f th e  r e la t iv e  
s p e c ie s  co n cen tra tio n s  w ith in  th e  s ta te d  co n cen tra tio n  range. The 
s o lu t io n s  used fo r  th e  isotherm  experim ents were form ulated by 
d i lu t in g  a s to c k  m ixtu re of s p e c if ie d  i n i t i a l  c o n cen tra tio n  r a t io  
w ith  b u f fe r .
The so r p t io n  study from binary mixed s o lu t io n  was carr ied  out 
in  two s ta g e s .  F i r s t l y ,  mixed system s composed of e th y l 4-am ino- 
b en zo a te  and 4-m ethoxybenzoic acid  w ere stu d ied  to  a s s e s s  th e  
n a tu re  of so r p t io n  from binary s o lu te  s o lu t io n ,  and th e  p h ysico ­
ch em ica l fa c to r s  a f f e c t in g  th e  r e s u lt in g  e q u i l ib r ia .  Secondly, 
mixed system s composed of p h en o lic  and b en zo ic  acid  d e r iv a t iv e s
w ere s tu d ie d  to  a s s e s s  th e  e f f e c t  of s o lu t e  chem ical s tr u c tu r e  on 
th e  s o r p t io n  behaviour from binary s o lu te  s o lu t io n .
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3 . 2 .5 . 1 .1  The Uptake of E thyl 4-am inobenzoate and 4-m ethoxybenzoic  
Acid from Binary S o lu te  S o lu t io n  by Nylon 6 Powder.
The ex te n t of so r p tio n  of a weak arom atic e l e c t r o ly t e  by n y lon  
6 i s  p rop ortion a l to  th e f r a c t io n  of th e s o lu te  p resen t in  the  
u n io n ised  form (R ichardson 1973 ). S orp tion  from m ixtures of e th y l  
4-am inobenzoate and 4-m ethoxybenzoic a c id  were th e r e fo r e  ca rr ied  out 
a t  pH 3 .4 4  which r e s u l t s  in  th e s e  compounds b ein g  approxim ately 91% 
and 88% u n d isso c ia te d  r e s p e c t iv e ly .  S o rp tion  isotherm s fo r  e th y l  
4-am inobenzoate in  th e p resen ce  of 4-m ethoxybenzoic ac id  were 
determ ined in  i n t i a l  co n cen tra tio n  r a t io s  of 5 :1 ,  1 :1 , and 1 :5 .  
S o rp tio n  isotherm s are  shown p lo t te d  in  f ig u r e s  3 .1 1  and 3 .1 2  where 
i t  can be seen  th a t  a l l  isotherm s a re  type and can th e r e fo r e  be 
rep resen ted  by th e  K v a lu e . These are g iv e n  in  ta b le  3 .1 4  which  
in c lu d e s  th e  s in g le  s o lu te  isotherm  data  taken  from ta b le  3 .1 1  
fo r  com parison.
The data  in  ta b le  3 .1 4  shows th a t  th e r e  i s  no s ig n if ic a n t  
d if f e r e n c e  betw een th e  so r p t io n  c h a r a c te r is t ic s  o f e th y l 4-am ino- 
b en zoate  or 4-m ethoxybenzoic acid  when taken  up from s in g le  
s o lu t e  or b inary s o lu te  s o lu t io n  as in  a l l  c a se s  th e tab u la ted  t  
v a lu e  a t  th e  95% le v e l  o f s ig n if ic a n c e  exceeds th e  c a lc u la te d  
v a lu e .
3 .2 .5 .1 .2  D eterm in ation  o f th e  D esorp tion  Iso th erm s.
A fte r  determ ining th e  so r p tio n  isotherm s fo r  4-m ethoxybenzoic  
acid  and e th y l 4-am inobenzoate from th e  1:1 m ixtu re, t h e ir  
d e so r p tio n  isotherm s were determ ined u sin g  th e  procedure o u tlin ed  
in  s e c t io n  3 .2 .2 .  The d eso rp tio n  isotherm s were a ls o  l in e a r  and 
n ot s ig n i f ic a n t ly  d i f f e r e n t  from th e  so r p tio n  isotherm s ( ta b le  









I n i t i a l  C oncentration  R atio
2.0
1 . 0 2 . 0 4 .03 .0
EQUILIBRIUM CONCENTRATION OF ETHYL 4-AMINOBENZOATE x  10 M
FIG 3 .1 ]  SORPTION ISOTHERMS OF ETHYL 4-AMINOBENZOATE BY NYLON 6 
POWDER FROM ETHYL 4-AMINOBENZOATE;4-METHOXYBENZOIC ACID (1 :1 ) AND 
(5 :1 )  INITIAL CONCENTRATION RATIO MIXED SOLUTIONS AT pH 3 .4 4  ( 0.5M 
IONIC STRENGTH) AND 3 0 ° . INITIAL CONCENTRATION RANGES: ETHYL 4 -
--------------------------------------- =3---------------------------- ^3--------------------------------------------
AMINOBENZOATE -  0 -  10 M AND 0 -  5 x  10 M AND 4-METHOXYBENZOIC 












1 . 0 2.0 6. 03 .0 4 .0 5 .0
EQUILIBRIUM CONCENTRATION OF 4-METHOXYBENZOIC ACID x 10 M
FIG 3 .1 2  SORPTION ISOTHERMS OF 4-METHOXYBENZOIC ACID BY NYLON 6 POWDER 
FROM ETHYL 4-AMINOBENZOATE:4-METHOXYBENZOIC ACID (1 :1 ) AND (5 :1 ) INITIAL 
CONCENTRATION RATIO MIXED SOLUTIONS AT pH 3 .4 4  (0.5M IONIC STRENGTH) AND 
3 0 °. INITIAL CONCENTRATION RANGES; ETHYL 4-AMINOBENZOATE, 0 -  10~^M AND 
0 -  5 X lO'^M AND 4-NETHOXYBENZOIC ACID, 0 -  10~^M_________________________
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m3 . 2 . 5 . 1 . 3 .  The E ffe c t  o f pH
S o rp tio n  isotherm s fo r  4-methox y b en zo ic  acid  and e th y l 4-am ino- 
b en zo a te  were a lso  determ ined u sin g  M cllv a in e* s b u ffe r  pH 2 .3 2  
(0.5M io n ic  s tr e n g th ) .  At t h i s  pH, 4-m ethoxybenzoic acid  and e th y l  
4-am inobenzoate are approxim ately 99% and 40% u n io n ised  r e s p e c t iv e ly .  
Both isotherm s a t  pH 2 .3 2  were l in e a r  and th e  r e s u l t s  of a com puterised  
l in e a r  le a s t - s q u a r e s  r e g r e s s io n  a n a ly s is  of the experim ental data  
f o r  s in g le  s o lu te  and b inary s o lu te  s o lu t io n  d eterm in ation  are shown 
in  ta b le  3 .1 6 .  Isotherm  data fo r  th e  s in g le  and mixed s o lu te  
in t e r a c t io n  a t  pH 3 .4 4  from ta b le  3 .1 4  a re  a ls o  in c lu d ed .
Comparison of K v a lu e s  u sin g  th e  standard t - t e s t  in d ica te d  th a t  
no s ig n i f i c a n t  d if f e r e n c e  e x i s t s  betw een the s in g le  s o lu te  and b inary  
s o lu t e  isotherm s a t  th e 95% le v e l  o f s ig n if ic a n c e  a t  e i th e r  pH.
3 . 2 .5 . 1 .4  The E ffe c t  of Tem perature.
The isoth erm s of e th y l 4-am inobenzoate and 4-m ethoxybenzoic acid  
from a ( l . l ) b in a r y  s o lu t io n  w ere determ ined a t  v a r io u s  tem peratures  
over  th e  range 15° -  60° u sin g  th e  standard experim ental p roced u re.
For com parison th e  iso therm s fo r  th e  two model s o lu te s  were a ls o  
determ ined from s in g le  s o lu te  s o lu t io n s  over t h i s  tem perature range.
The pH of th e  s o lu t io n  was nom inally  s e t  a t  3 .4 4  a t  30° and was found 
to  vary betw een pH 3 .4 2  a t  15° to  3 .4 6  a t  6 0 ° , a d if fe r e n c e  o f 1% 
over  th e  tem perature range s tu d ie d . T h is tem perature e f f e c t  on pH 
was not con sid ered  to  be of s ig n i f ic a n c e .
Treatm ent of r e s u l t s .
The so r p t io n  K v a lu e  has been  con sid ered  to  be approxim ately  
equal to  th e  thermodynamic eq u ilib r iu m  con sta n t K* (A utian  1963, 
R ichardson  1 9 7 3 ). The tem perature dependence of th e  eq u ilib r iu m  
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dlnK -  AH°  (3 .6 )
RI^
where T = a b so lu te  tem perature
AH° = th e standard en th a lp y  change a s so c ia te d
w ith  the o v e r a ll  so r p tio n  p r o c e ss .
R -  the u n iv e r sa l gas co n sta n t.
In te g r a t io n  o f  eq u ation  3 .6  assuming th a t A H° remains co n stan t  
over th e tem perature range o f  the in te g r a t io n  le a d s  to  eq u ation  3 . 7 .
log .^K  = -  AH° + co n sta n t . . . . . . .  ( 3 . 7 ) .
2.203R T
I f  AH° i s  con sta n t a l in e a r  p lo t  o f  log^^K v ersu s ^/T w i l l  r e s u l t ,  
from which the standard en th a lp y  change can be c a lc u la te d . A ccurate 
e s t im a te s  o f a H° are ob ta in ed  by su b m ittin g  th e lin e a r  s lo p e  o f  
t h i s  V an't H off p lo t ,  to  a com puterised  l in e a r  l e a s t  squares  
r e g r e s s io n  a n a ly s is .
I f  a standard s t a t e  o f  u n it  m olal co n cen tra tio n  i s  adopted , an 
e s t im a te  o f the standard fr e e  energy o f  so r p tio n  can be ob ta in ed  
from eq u ation  3 . 8 .
AG ~ R.TlnK . . . . . . . . . . . . . ( 3 . 8 ) .
where a G° = t h is  standard fr e e  energy change a s s o c ia te d
w ith  th e o v e r a l l  so r p tio n  p ro cess  (standard  s t a t e  
model c o n c e n tr a t io n ) .
As AG° and AH° are known, A S°, the standard entropy change fo r  
the o v e r a l l  so r p tio n  p ro cess  fo llo w s  from eq u ation  3 . 9 ,  the Gibbs 
e q u a tio n .
AG° = AH° -  T AS° .......................... ( 3 . 9 ) .
1C7
V an't  H off iso c h o r e s  fo r  th e  two s o lu te s  are shown p lo t te d  in  
f ig u r e  3 .1 3  where a p o in t of in f le x io n  i s  apparent fo r  both  
s o lu t e s  a t  4 0 ° . The V an't H off d ata  fo r  th e  two s o lu te s  are g iv en  
in  ta b le s  3 . 17  and 3 .1 8 , com parison o f th e  K v a lu e s  fo r  th e  s in g le  
and b inary  s o lu te  system s a t  each tem perature, u s in g  th e  standard  
t  t e s t ,  in d ic a te s  th a t  no s ig n i f ic a n t  d if f e r e n c e  e x i s t s  between  
them a t  any tem perature w ith in  th e  range s tu d ie d .
Thermodynamic param eters fo r  th e s in g le  and b inary s o lu te  data  
a r e  shown in  ta b le  3 .1 9  where th e  two v a lu e s  of A h°  were c a lc u la te d  
from th e  l in e a r  s lo p e s  on e i th e r  s id e  of th e  in f l e x io n .  An 
a d d it io n a l s in g le  s o lu te  isotherm  fo r  e th y l 4-am inobenzoate a t  5°  
c f  ta b le  3 .1 7 )  was determ ined to  improve th e e s t im a te  of th e  A h°  
v a lu e  on th e  low tem perature s id e  of th e  p o in t of in f le x io n  in  
th e  iso c h o r e .
3 . 2 . 5 . 2 .  Uptake from Binary S o lu tio n s  of 4 -n itro p h en o l and 
Phenol by N ylon 6 Powder.
S orp tion  isotherm s fo r  phenol and 4 -n ltro p h en o l frcm s in g le  
s o lu t e  and b inary s o lu te  s o lu t io n  were determ ined u sin g  th e  
standard  experim ental p rocedure. A ll  d eterm in ation s were ca rr ied  
out a t  pH 2 . 3 2  (0.5M io n ic  s tr e n g th ) u s in g  M c llv a in e 's  b u f fe r .
T h is  pH was s e le c t e d  to  en su re th a t  both  s o lu te s  were f u l ly  u n io n ise d ,  
and to  enable com parison w ith  th e  e th y l 4-am inobenzoate and 4 -  
m ethoxybenzoic ac id  system s a ls o  measured a t  pH 2 . 3 2 .
S orp tion  isotherm s fo r  th e  uptake of phenol on to  nylon  6 
powder from phenol : 4 -n itro p h en o l (1 :1 ) and (3 :1 )  b in ary  s o lu te  
s o lu t io n s  system s, to g e th e r  w ith  i t s  s in g le  s o lu te  iso th erm , are  
shown in  f ig u r e  3 . 1 4 .  The corresponding 4 -n itro p h en o l isotherm s  
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RECIPROCAL ABSOLUTE TEMPERATURE x  10^
FIG 3. 13 VAU'T HOFF ISOCHORES FOR THE EFFECT OF TEMPERATURE ON THE 
SORPTION OF ETHYL 4-AMINOBENZOATE AMD 4-METHOXYBENZOIC ACID FROM 
SINGLE SOLUTE AND AN ETHYL 4-AMINOBENZOATE;4-METHOXYBENZOIC ACID ( 1 ; ! )  
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0 .5 1.0 3 .01.5 2.0 2 .5
EQUILIBRIUM CONCENTRATION OF PHENOL M x 10
FIG 3 .1 4  SORPTION ISOTHERMS FOR PHENOL BY NYLON 6 POWDER FROM SINGLE 
SOLUTE AND A PHENOL : 4-NITROPHENOL (1 :1 )  AND (3 :1 )  BINARY SOLUTE 
SOLUTION AT pH 2 .3 2  (0.5M IONIC STRENGTH) AND 30 ° . INITIAL CONC- 












2 .0  4 ,0  6 .0
EQUILIBRIUM CONCENTRATION x  1 0 ^
FIG 3 .1 5  SORPTION ISOTHERMS FOR 4-NITROPEENOL ON TO NYLON 6 POWDER 
FROM SINGLE SOLUTE AND PHENOL; 4 -NITROPHENOL (3; 1) and (1 ;1 )  BINARY 
SOLUTE SOLUTION AT pH 2 .3 2  ( 0.5M IONIC STRENGTH ) AND 3 0 ° . 4-NITRO- 
PHENOL INITIAL CONCENTRATION 0 -  6 x  30*"^ M
type and can be ch a ra c te r ised  by so r p tio n  K v a lu e s  which 
a re  summarised fo r  each c o n cen tra tio n  range in  ta b le  3 ,2 0 .
The data from ta b le  3 .2 0  was subm itted to  an F- t e s t  to  compare 
th e  K v a lu e s  fo r  th e  th r e e  system s. The c a lc u la te d  v a lu e  of th e  F 
s t a t i s t i c  was l e s s  than th e  ta b u la ted  v a lu e  in d ic a t in g  th a t no 
s ig n i f ic a n t  d if fe r e n c e  e x i s t s  betw een th e  so r p tio n  c h a r a c te r is t ic s  
o f  phenol b in d in g  from any o f th e  fo u r  s p e c if ie d  sy stem s.
The so r p tio n  of 4 -n itro p h en o l i s ,  however, a f fe c te d  by th e  
p resen ce  of phenol as shown in  f ig u r e  3 ,1 5 .  As th e  co n cen tra tio n  
o f  phenol p resen t in c r e a se s  th e r e  i s  l i t t l e  ev id en ce  of com p etitio n  
in  th e  i n i t i a l  r e g io n  o f th e  iso th erm . At h igh er  u p takes, however, 
th e  rptake of 4 -n itro p h en o l i s  suppressed  w ith  re sp e c t to  the  
s in g le  s o lu te  iso th erm , th e  d egree o f su p p ressio n  appearing to  be 
a fu n c t io n  of th e  c o n cen tra tio n  o f phenol p resen t in  th e  system .
- 3
In crea s in g  th e  amount of phenol p resen t to  5 x 10 M (5 tim es th a t
o f  4 -n itro p h en o l)  r e s u l t s  in  a fu r th e r  su p p ress io n  in  th e uptake of
4 -n itro p h en o l ( f ig u r e s  3 .16a  and 3 ,1 6 b ) .  The isoth erm  fo r  phenol in
t h i s  system  in  lin e a r  and super im posable on i t s  s in g le  s o lu te
-1
isotherm  up to  an uptake v a lu e  of approxim ately 2 .5  mol Kg • A fter
t h i s  p o in t , th e  so r p t io n  of phenol shows a la r g e  in c r e a se  r e la t iv e  to
i t s  s in g le  s o lu te  isotherm  g iv in g  r i s e  to  a Z type so r p tio n  isotherm
(G ile s  and T o lia  1 9 6 4 ), The so r p tio n  isotherm  of 4 -n itro p h en o l
i s  lowered in  th e  p resen ce  of th e  h igh  phenol c o n c e n tr a tio n , b u t,
-1
above an uptake v a lu e  of 1.5M Kg th e r e  i s  a r i s e  in  uptake where 
aga in  th e  system  shows Z type isotherm  b eh av iou r . As th e  so r p tio n  . 
isotherm s fo r  phenol and 4 -n itro p h en o l from b in ary  s o lu te  s o lu t io n  
do n o t show type b ehaviour, exp erim en ta l d ata  a re  included  in  
ta b le s  3 .2 1 ,  3 ,2 2  and 3 .2 3 .
175
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0 .5  1 .0  1.5 2 .0
EQUILIBRIUM CONCENTRATION OF PHENOL x lOM
2 .5 3 .0
FIG 3 .1 6 a  SORPTION ISOTHERMS FOR PHENOL BY NYLON 6 POWDER FROM
SINGLE SOLUTE AND A PHENOL :4-NITROPHENOL (5 :1 )  BINARY SOLUTE______ .
SOLUTION AT pH 2 .3 2  (0.5M IONIC STRENGTH) AND 3 0 ° . INITIAL___________
CONCENTRATION RANGES: PHENOL 0 -  0.3M ; 4-NITROPHENOL 0 -  6 x  10~^1
176
▲ S in g le  S o lu te
A Binary S o lu te
4 .0
0
1 . 0 4 .0 5 .02.0 3 .0
EQUILIBRIUM CONCENTRATION OF 4 NITROPHENOL x  10 M
FIG 3.16b  SORPTION ISOTHERMS FOR 4-NITROPHENOL BY NYLON 6 POWDER 
FROM SINGLE SOLUTE AND PHENOL ;4-NITROPHENOL (5 :1 ) BINARY SOLUTE 
SOLUTION AT pH 2 .3 2  Ç0. 5M IONIC STRENGTH) AT 30 ° . CONCENTRATION 
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C lose agreement betw een v a lu e s  of uptake obtained  from r e p l ic a t e  
d eterm in a tio n s in  th e  h igh uptake r e g io n  of th e Z isotherm  ( f ig u r e  
3 .2 1 )  was n o t ob served . T h is i s  probably due to  th e s tr u c tu r a l  
i n s t a b i l i t y  of th e  polymer above th e  c r i t i c a l  v a lu e  of uptake 
where p la s t i c i z a t io n  o ccu rs.
3 2 .5 .2 .1  The E ffe c t  of Temperature.
The isotherm s o f phenol and 4 -n itro p h en o l were determined
ov er  th e  range 10° -  50° from s in g le  s o lu te  and a phenol :
4 -n itro p h en o l (1 :1 ) b inary mixed s o lu t io n .  Isotherm s were measured
- 2
o v er  a c o n cen tra tio n  range of 0 -  3x10 N to  ensure th a t 4 -n itro p h en o l 
remained w ith in  th e  l in e a r  r e g io n  o f the iso th erm . The b u ffe r  
s o lu t io n  was s e n s i t iv e  to  tem perature, changing from 2 .3 0  to  2 .3 5  
o v er  th e  range s tu d ie d . T h is e f f e c t  was n o t of s ig n if ic a n c e  as th e  
pKa v a lu e s  of both s o lu te s  were more than 2 pH u n it s  away from th e  
extrem es of t h i s  pH range. Isotherm  data  was p lo t te d  as is o  ch ores, 
and used a s  a b a s is  fo r  c a lc u la t in g  thermodynamic param eters 
a s so c ia te d  w ith  th e o v e r a l l  s o r p t io n  p r o c e ss . D ata fo r  the so r p tio n  
o f  4 -n itro p h en o l and phenol a t  v a r io u s tem peratures are g iv en  in  
t a b le s  3 .2 4  and 3 .2 5 .  Comparison o f th e  K v a lu e s  fo r  s in g le  and 
b in ary  s o lu te  system  isotherm s in d ic a te s  th a t  th e r e  i s  no s ig n i f ic a n t  
d if f e r e n c e  betw een them a t  any tem perature a t  the 95% le v e l  of 
s ig n i f ic a n c e .  The d ata  in  ta b le s  3 .2 4  and 3 .2 5  i s  shown p lo tte d  in  
f ig u r e  3 .1 7 .
The is o  chores fo r  th e  p h en o lic  compounds do not show th e in f le x io n  
which i s  c h a r a c te r is t ic  of the b en zo ic  acid  d e r iv a t iv e  is o  ch ores. 
Thermodynamic param eters a s so c ia te d  w ith  th e  in te r a c t io n  o f phenol 
and 4 -n itro p h en o l from s in g le  and binary s o lu te  s o lu t io n  a re  g iv en  
i n  ta b le  3 .2 6 . V alues fo r  th e  p h en o lic  d e r iv a t iv e s  a re , however, 
g iv e n  a t  two tem peratures to  enable com parison betw een th e  p h en o lic  
compounds and th o se  fo r  th e  b en zo ic  acid  d e r iv a t iv e s  ( ta b le  3 .1 9 ) .
182
4 -n itro p h en o l
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FIG 3 .17  VAN’T HOFF ISOCHORES FOR THE EFFECT OF TEMPERATURE ON 
THE SORPTION OF PHENOL AND 4-NITROPHENOL FROM SINGLE SOLUTE AND 
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3 . 2 .5 .3 .  Uptake from Binary S o lu te s  o f P h en o lic  arid Bérizôic Acid  
D e r iv a t iv e s  by Nylon 6 Powder.
Isotherm s fo r  th e so rp tio n  o f  s o lu te s  from 4 -n itro p h en o l :
4 m ethoxybenzoic a c id  (5 :1 )  and 4 -n itro p h en o l : e th y l 4-am inobenzoate  
(1 :1 ) b in ary  s o lu te  s o lu t io n s  were determ ined. The 4 -n itro p h en o l : 
4-m ethoxybenzoic a c id  (5 :1 ) s o lu t io n s  were form ulated  w ith  
co n cen tra tio n s  o f  4 -n itro p h en o l and 4-m ethoxybenzoic a c id  over the
-3  -3
range 0-5x10 M and 0-1x10 M r e s p e c t iv e ly .
The 4 -n itro p h en o l : e th y l 4-am inobenzoate (5 :1 ) system s were 
form ulated  w ith  co n cen tra tio n s  o f both  4 -n itro p h en o l and e th y l 4 ^  
am inobenzoate over the range 0-5x10 Isotherm  data i s  g iven  in
ta b le  3 .2 7 .
Comparison o f the s in g le  and b in ary  s o lu te  K v a lu e s  by t  
t e s t  showed them to  be not s ig n i f i c a n t ly  d if f e r e n t  a t the 95% le v e l  
o f  s ig n if ic a n c e .
3 .3  THE SORPTION OF MODEL SOLUTES BY UNCOATED AND NYLON 6 
COATED ACTIVE CARBON.
3 .3 .1  General Method fo r  the D eterm ination  o f S o rp tio n .
The apparatus used fo r  the experim ental d eterm in ation  o f  s o lu te
uptake by nylon  6 powder has been d escr ib ed  in  S ec tio n  3 .2 .1 .  The
standard procedure fo r  iso th erm al eq u ilib r iu m  and sam pling was a lso
a p p lied  to  the carbon system s. S orp tion  experim ents were c a rr ied
out a t pH2.32 ( io n ic  s tren g th  0.5M) m aintained  by M c llv a in e *s c i t r a t e
phosphate b u ffe r  a t 3 0 ° . P re lim inary  s tu d ie s  showed th a t the model
s o lu te s  were com p lete ly  removed from s o lu t io n  u s in g  200mg o f  sorhent
granu les suspended in  10ml o f  s o lu t io n .  I t  was n e c e ssa r y , th e r e fo r e ,  
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o f  s o lu t io n .  The sm aller  sorbent w eigh t o f 20mg was measured u sin g  
a h igh  p r e c is io n  ba lan ce which could  read a c c u r a te ly  to  f iv e  decim al
-5
p la c e s  i . e .  to  10 gramme  ^ In a l l  ca ses  a m easurable change in  
s o lu t io n  co n cen tra tio n  occurred during co n ta c t w ith  th e sorbent w h ile  
the eq u ilib r iu m  co n cen tra tio n  was w e ll  w ith in  the s e n s i t i v i t y  l im it s  
o f  th e sp ectrop h otom etrie  a ssa y .
3 .3 .2  D eterm ination  o f the E q u ilib r a tio n  Time.
The procedure fo r  the d eterm ination  o f  the e q u il ib r a t io n  tim e was 
th e same as th a t d escr ib ed  in  S ec tio n  3 .2 .2 .  The v a r i a b i l i t y  o f  th e  
uptake data  was found to  be much h igh er  compared to  th o se  ob ta ined  
fo r  the ny lon  6 powder e q u il ib r a t io n  tim e d eterm in a tio n . The data  
fo r  th e e q u il ib r a t io n  tim e o f  4 -n itro p h en o l was used to  determ ine  
the so u rces  o f e r r o r . Table 3 .2 8  g iv e s  th e experim ental data fo r  the  
d eterm in a tio n  o f  the 4 -n itro p h en o l e q u il ib r a t io n  tim e.
The data in  Table 3 .2 8 , ty p ic a l  o f  e q u il ib r a t io n  tim e data fo r  
the model s o lu t e s ,  shows th a t the c o e f f i c i e n t  o f  v a r ia t io n  fo r  the  
uptake i s  7.05%. This would appear to  a r is e  from the 2.56% and 2.16% 
c o e f f i c i e n t s  o f v a r ia t io n  fo r  the eq u ilib r iu m  co n cen tra tio n  and sorbent 
w eigh t data r e s p e c t iv e ly .  Due to  the granular nature o f th e carbon 
a d sorb en t, i t  i s  not p o s s ib le  to  reproduce the ex a c t w eigh t in  the  
r e p l ic a t e  f la s k s ,  which w i l l  account fo r  the v a r i a b i l i t y  o f the  
e q u ilib r iu m  co n cen tra tio n  v a lu e s  fo r  the g iven  v a lu e  o f  i n i t i a l  
c o n c e n tr a tio n . I f  th e a c t iv i t y  o f  the sorbent i s  h ig h , as i s  the case  
h e r e , sm all changes in  eq u ilib r iu m  co n cen tra tio n  can g iv e  r i s e  to  wide 
v a r ia t io n  in  uptake. As th e p lo t  o f uptake v ersu s tim e ( f ig u r e  3 .1 9 )  
does not take in to  account the e f f e c t  o f  the in ter -^ r e la tio n sh ip  betw een  
uptake and eq u ilib r iu m  co n cen tra tio n  i t  w i l l  be su b je c t  to  e r r o r .
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NYLON 6 COATED ACTIVE CARBON
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TIME DAYS
FIG 3 .19  EQUILIBRATION TIME DATA FOR THE ADSORPTION OF THE MODEL 
SOLUTES BY UNCOATED AND NYLON 6 COATED ACTIVE CARBON AT pH 2 .3 2
(0.5M IONIC STRENGTH).
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would be to  use th e  percentage r e s id u a l c o n c e n tr a tio n . The 
p ercen tage  r e s id u a l co n cen tra tio n  i s  r e la te d  to  uptake provided  
th a t  v a r ia t io n  in  s o lu t io n  volume and sorbent w eigh t in  th e  system  
i s  sm a ll. The percentage re s id u a l co n cen tra tio n  appears to  be l e s s  
s e n s i t iv e  to  v a r ia b i l i t y  in  sorbent w eight w ith  a c o e f f i c i e n t  of 
v a r ia t io n  o f 2.58% a s  opposed to  7.05% fo r  uptake. I t  was, th e r e fo r e ,  
con sid ered  p r e fe r a b le  to  a s s e s s  th e  e x te n t  o f atta inm ent o f  
eq u ilib r iu m  u s in g  p lo t s  of percentage r e s id u a l c o n c e n tr a tio n  in s te a d  
o f  uptake v ersu s  tim e.
The eq u ilib r iu m  time data  fo r  a l l  fou r  model s o lu te s  on a c t iv e  
carbon and n y lon  6 coated  a c t iv e  carbon are  g iv en  in  Table 3 .2 9  and 
shown p lo t te d  in  f ig u r e  3 .1 9 .  The u lt r a  v i o l e t  a b so rp tio n  sp e c tr a  of 
th e  fou r model s o lu t e s  did not show any change w h ils t  in  co n ta ct w ith  
a c t iv e  carbon g ra n u le s . The spectrum o f phenol did however show s ig n s  
o f  change a f t e r  23 days in  con tact w ith  nylon  6 coated  a c t iv e  carbon  
su g g e s t in g  th a t  t h i s  s o lu te  was undergoing some form of chem ical 
change ( f ig u r e  3 .2 0 ) .  Phenol was n o t, th e r e fo r e , in c lu d ed  in  
so r p tio n  s tu d ie s  in v o lv in g  th e  n y lon  6 coated  a c t iv e  carbon. The data  
in  f ig u r e  3 .1 9  su g g e s ts  th a t shaking tim es of 10 and 21 days fo r  
s o r p t io n  on to  a c t iv e  carbon and nylon  6 coated  a c t iv e  carbon  
r e s p e c t iv e ly  a re  s u f f i c i e n t  to  ensure th a t  eq u ilib r iu m  i s  f u l ly  
e s t a b l is h e d .
3 .3 .3  The S o rp tio n  of the Model S o lu te s  from S in g le  S o lu te  S o lu t io n .
The n o n -lin e a r  nature o f the isotherm s ob tained  fo r  so r p t io n  of the  
model s o lu te s  by a c t iv e  carbon required  a g r e a te r  number o f d a ta  p o in ts  
to  c h a r a c te r is e  th e  uptake p r o f i le  than th a t fo r  ny lon  6 . C onsquently, 
e ig h t  co n cen tra tio n s  of each s o lu te  were used; r e p l ic a t e s  were performed 
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FIG 3 .2 0  THE ULTRAVIOLET ABSORPTION SPECTRUM OF PHENOL BEFORE AND 
AFTER CONTACT WITH NYLON 6 COATED ACTIVE CARBON FOR A PERIOD OF 23
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eq u ilib r iu m  co n cen tra tio n  data p o in ts  obta ined  from a g iv e n  i n i t i a l  
s o lu t e  co n cen tra tio n  would not be id e n t ic a l  but would be expected  to  
f a l l  on the isotherm  a t  a s im ila r  lo c a t io n .  I f  one o f th e  p a ir  of 
d ata  p o in ts  appeared anomalous as a sse sse d  by v is u a l  in s p e c t io n  of 
th e  isotherm  th e  supernatant was rea ssa y ed . I f  th e  d ata  p o in t s t i l l  
did not f a l l  on th e  isotherm  i t s  d eterm in a tio n  was r e p e a te d .
I n i t i a l l y ,  th e  so r p t io n  isotherm  o f  4 -n itro p h en o l on to  uncoated
a c t iv e  carbon was determ ined to  a s s e s s  th e  r e p r o d u c ib i l ity  o f the
standard procedure. Data fo r  th e  a d so rp tio n  isotherm  over an i n i t i a l
_3
c o n c e n tr a tio n  range 0 -  5x10 M ig  g iv e n  in  Table 3 .3 0  and i s  shown 
p lo t te d  in  f ig u r e  3 . 2 1 .  The isotherm s were o f th e  type and v is u a l  
in s p e c t io n  shows the r e p l ic a t e  isotherm s to  be su perim p osab le.
For com parative purposes the so r p t io n  isotherm s fo r  a l l  fou r model 
s o lu te s  are  p resen ted  in  two ways. F i r s t ly ,  th e  so r p t io n  isotherm s  
f o r  the model s o lu t e s  on uncoated a c t iv e  carbon are shown in  f ig u r e  
3 . 2 2 .  The open symbols on th e  model s o lu te s  in d ic a te  th e p o s it io n  of 
uptake v a lu e s  ob tained  by th e adsorb : desorb method d escr ib ed  in  
S e c t io n  3 . 2 . 4 . 1 .  The alignm ent of both  th e  h igh and low eq u ilib r iu m  
u p takes corresponding to  th e a d so rp tio n  and d eso rp tio n  eq u ilib r iu m  
confirm  th a t  th e  in te r a c t io n  i s  r e v e r s ib le .  The data in  f ig u r e  3 . 22  
shows th a t  the observed rank order of a f f in i t y  fo r  th e  uncoated  
a c t iv e  carbon i s : -
4 m ethoxybenzoic acid  > 4 -n itro p h en o l > e th y l 4-am inobenzoate >phenol 
Secondly th e  iso therm s of 4 -n itr o p h e n o l, 4 -m ethoxybenzoic acid  and 
e th y l 4 -am inobenzoate on both  uncoated and n ylon  6 coated  a c t iv e  
carbon a re  shown in  f ig u r e s  3 . 23  t o  3 . 2 5 ,  r e s p e c t iv e ly .  As 4 -n it r o ­
phenol h a s  a h ig h er  s o lu b i l i t y  than e i th e r  o f the o th er  two s o lu t e s ,  
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A D eterm ination  I 





1.0 4 .02.0 3 .0 5 .0
FIG 3.21
EQUILIBRIUM CONCENTRATION jc 10 M 
REPLICATE SORPTION ISOTHERMS OF 4-NITROPHENOL BY ACTIVE
%oCARBON AT pH 2 . 32  (0.5M IONIC STRENGTH) AND 30 . INITIAL









■ 4-m ethoxybenzoic a c id  
A 4 -n itro p h en o l  
#  e th y l 4-am inobenzoate  
▼ p h en o l.
.0
0 .5
1.0 4 .02.0 3 .0 5 .0
EQUILIBRIUM CONCENTRATION x  10 M
FIG 3 .2 2  SORPTION ISOTHERMS FOR THE INTERACTION OF THE FOUR MODEL 
SOLUTES WITH UNCOATED AND NYLON 6 COATED ACTIVE CARBON AT pH 2 .32  
(0.5M IONIC STRENGTH) AT 3 0 ° . INITIAL CONCENTRATION RANGES: 4 -  
METHOXYBENZOIC ACID 0 -  1 .5  x  1 0 ~ \ ,  ALL OTHERS 0 -  5 x lO'^M
























FIG 3 .23  SORPTION ISOTHERMS OF 4-NITROPHENOL ON TO TJNCOATED AND NYLON 6 
COATED ACTIVE CARBON AT pH 2 .3 2  (0.5M IONIC STRENGTH) AND 3 0 °.







NYLON 6 COATED ACTIVE CARBON □
6.0J.O 2.0 4 .0 5 .03 .0
EQUILIBRIUM CONCENTRATION x  10 M
FIG 3 .2 4  SORPTION ISOTHERMS FOR THE UPTAKE OF 4-METHOXYBENZOIC 
ACID ON TO UNCOATED AND NYLON 6 COATED ACTIVE CARBON AT pH 2 .3 2  
(0.5M IONIC STRENGTH) AND 3 0 ° . INITIAL CONCENTRATION RANGE 







•  A c tiv e  Carbon 
O Nylon 6 Coated A ctiv e  Carbon
.0
2 . 0 6.04 .0
EQUILIBRIUM CONCENTRATION x  JO M
FIG 3 .2 5  SORPTION ISOTHERMS OF ETHYL 4’-AMIN0BENZ0ATE BY UNCOATED
AND NYLON 6 COATED ACTIVE CARBON AT pH 2 .32  CO.5M IONIC STRENGTH)_
AT 30 INITIAL CONCENTRATION RANGE; 0 -  7 x  30 M
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up to  5x10 M. The p resen ce of th e  ny lon  6 co a t on the a c t iv e  
carbon r e su lte d  in  a low er uptake of 4-me thoxybenzo i c  a c id ,  
4 -n itro p h en o l and e th y l 4-am inobenzoate, th e  l a t t e r  showing th e  
g r e a te s t  d egree of su p p ress io n .
Treatment of R e s u lt s .
L type isotherm s were analysed  u sin g  th e  F reu d lich , Langmuir
and Radke equations shown in  equations 1 .2 ,  1 .3 ,  and 1 .6  r e s p e c t iv e ly ,  
'eqaC.0 ................................a . 2 ) .
n = n .b .C
max eq




( 1 - 7  )1 + OLC /  ..................................( 1 .6 ) .
g
To a s s e s s  \d iich  eq u ation  b e s t  f i t t e d  th e  isotherm  data fo r  s in g le  
s o lu te  so r p tio n  system s, th e  data  was subm itted  to  a com puterised  
n o n -lin e a r  r e g r e s s io n  a n a ly s is  (Metz1er 1974, Appendix 1 . ) .
The r e g r e s s io n  a n a ly s is  data  g iv e s  th e  v a r io u s c o n sta n ts  of th e  equations  
to g e th e r  w ith  th e ir  standard d e v ia t io n s . In  a d d it io n , a c o r r e la t io n  
index s t a t i s t i c  i s  su p p lied  which i s  a m easure o f th e  degree o f f i t  
to  a p a r t ic u la r  eq u a tio n . T his v a lu e  i s  ob ta ined  by comparing th e  
experim ental take data  w ith  th o se  obtained  from the " b e s t - f i t "  l i n e  
fo r  a g iv e n  eqmlibrium co n cen tra tio n . The c o r r e la t io n  index i s  th e  
c o r r e la t io n  c o e f f i c i e n t  fo r  th e  p lo t  of th e o r e t ic a l  and experim ental 
uptake v a lu e s  a t  g iv e n  eq u ilib r iu m  co n cen tra tio n s  and g iv e s  a v a lu e  
o f  1 .0  fo r  an ex a ct f i t ;  v a lu e s  in  e x c e ss  o f 0 .9 5 0  can be con sid ered  
to  f i t  th e  data s a t i s f a c t o r i l y .  N o n -lin ea r  r e g r e s s io n  a n a ly s is  data
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fo r  so r p tio n  on to  uncoated and nylon  6 coated  a c t iv e  carbon are  
g iv e n  in  ta b le s  3 .3 1 ,  3 .3 2  and 3 .3 3 ,  fo r  th e  Langmuir, F reud lich  
and Radke equations r e s p e c t iv e ly .  The Radke and Langmuir eq u ation s  
show h igh  c o r r e la t io n  in d ic e s  fo r  a l l  fo u r  s o lu te s  on th e  uncoated  
sorbent in d ic a t in g  th a t  both eq u ation s ad eq u ately  f i t  th e  
experim ental d a ta . The data fo r  th e  4 -n itro p h en o l as f i t t e d  to  
th e  F reu d lich  eq u a tio n , shows a low c o r r e la t io n  index and degree o f 
f i t  as would be expected b ecau se th e  isotherm  i s  o f L  ^ ty p e . The 
c o r r e la t io n  index v a lu e s  fo r  th e  ny lon  6 coated  sorbent showed a 
s im ila r  tren d , a lthough  th e  num erical v a lu e s  were g e n e r a lly  low er 
than fo r  th e  uncoated system s. The eq u ation  which b e s t  f i t s  th e  
d ata  obtained  from s o r p t io n  s tu d ie s  on nylon  6 coated  a c t iv e  carbon  
i s ,  th e r e fo r e , n o t c l e a r .  As th e  so r p tio n  c h a r a c t e r is t ic s  of th e  
s o lu t e s  from s o lu t io n  a re  not d e f in i t i v e ly  d escr ib ed  by any one of 
th e  th ree  isotherm  eq u a tio n s , f u l l  t a b le s  of uptake data are g iv en  
i n  Appendix 2.
3 . 3 . 4  The S o rp tion  o f S o lu te s  from Binary S o lu te  S o lu t io n  in  
Uncoated and N ylon 6 Coated A ctiv e  Carbon.
The e f f e c t s  o f competing s p e c ie s  on th e  a d so rp tio n  of th e  model 
s o lu t e s  by both  th e  uncoated and nylon  6 coated  a c t iv e  carbon gran u les  
was a sse sse d  u sin g  th e  experim ental method of F r itz  and Schlunder 
(1 9 7 4 ). A s e r ie s  of i n i t i a l  s o lu t io n s  were prepared coverin g  a range 
o f  co n c e n tr a tio n  of one s o lu te  (component 1) in  th e  p resen ce of a 
f ix e d  c o n cen tra tio n  o f a second s o lu t e  (component 2 ) .  A fter  e q u il ib r a t io n ,  
th e  co n cen tra tio n  of both s o lu te s  in  th e  supernatant s o lu t io n  was 
determ ined . Component 1 i s ,  th e r e fo r e , su b jec ted  to  co m p etitio n  from 
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to co m p etitio n  from th e range of i n i t i a l  co n cen tra tio n  of component 
1. I n i t i a l l y  th e  so r p tio n  of b inary s o lu te  m ixtures o f phenol and 
4 -n itro p h en o l on uncoated a c t iv e  carbon were s tu d ie d . The so r p tio n  
from s e v e r a l d if f e r e n t  b inary s o lu te  m ixtu res in v o lv in g  th e o th er  
model s o lu te s  was then  stu d ied  on b oth  th e  uncoated and nylon  6 
coated  ad sorb en ts.
Treatment of R e s u lts .
The so r p t io n  of component 1 , fo r  each binary s o lu te  m ixtu re, was 
c a lc u la te d  and i s  p lo tte d  as  an a d so rp tio n  iso th erm . A co m p etitiv e  
s o r p t io n  e f f e c t  i s  shown by an o v e r a l l  low ering o f the a d so rp tio n  
isotherm  r e la t iv e  to  th a t obtained  in  the absence of co m p etitio n .
The s o r p t io n  of component 2 was a lso  c a lc u la te d  and the data i s  
p lo t te d  a s  uptake versu s th e  i n i t i a l  c o n cen tra tio n  of component 1.
As th e  amount of component 2 in  th e  system  i s  co n sta n t, a co m p etitiv e  
s o r p t io n  e f f e c t  i s  shown by a re d u c tio n  in  the uptake of component 2 
as th e  t o t a l  amount of component 1, rep resen ted  by th e i n i t i a l  
s o lu t io n  c o n c e n tr a tio n , i s  in c r e a se d . The uptake of component 2 a t  
zero  co n c e n tr a tio n  of component 1 i s  th e  s in g le  s o lu te  uptake 
corresponding to  the g iv en  i n i t i a l  c o n cen tra tio n  of component 2 . 
Although th e  d ata  shown on th ese  s in g le  p o in t p lo t s  are s c a tte r e d  due 
to  a number of v a r ia b le s  in  the system  not taken in to  account by the  
r e p r e se n ta t io n , a general l in e a r  trend  i s  ev id en t in  c e r ta in  system s. 
The data from th e  s in g le  p o in t p lo t s  was th e r e fo r e  subm itted to  a 
com puterised l in e a r  r e g r e s s io n  a n a ly s is  to  e s tim a te  w hether co m p etitiv e  
s o r p t io n  was p resen t w ith  re sp e c t to  the con sta n t co n cen tra tio n  
component. The c r i t e r i a  used to  determ ine w hether co m p etitiv e  so r p tio n  
was p resen t were as fo llo w s . I f  the v a lu e  of the s lo p e  was l e s s  than
209
th e  standard d e v ia t io n  i . e .  th e  c o e f f i c i e n t  of v a r ia t io n  exceeded  
100% and th e  c o r r e la t io n  c o e f f i c ie n t  was l e s s  than 0 . 5 ; co m p etitiv e  
s o r p t io n  was taken not to  be o ccu r in g . I f  th e  v a lu e  of th e  s lo p e  
exceeded th e  v a lu e  of i t s  standard d e v ia t io n  i . e .  th e  c o e f f i c i e n t  
o f  v a r ia t io n  was low er than 100% and th e  c o r r e la t io n  c o e f f i c i e n t  
exceeded  0 .5  co m p etitiv e  so r p tio n  was deemed to  be o ccu r in g .
3 . 3 . 4 . 1  The S orp tion  of 4 -n itro p h en o l ; phenol M ixtures by 
Uncoated A ctiv e  Caifaon.
- 3
The uptake of phenol over th e c o n c e n tr a tio n  range 0 -  6x10 m
-3  -3  _3
was deteim ined  in  th e  p resen ce  of 1x10 m, 3x10 M and 5x10 M
4 -n itro p h en o l th e  r e s u l t s  a re  shown in  f ig u r e s  3 . 26  and 3 . 2 7 .  The
s o r p t io n  isotherm s fo r  phenol were type in  n atu re and were
lowered in  th e  p resen ce  o f 4 -n itr o p h e n o l, th e  degree o f su p p ress io n
in c r e a s in g  a s  th e  c o n c e n tr a tio n  of com p etitor  in c r e a se d .
The corresponding s in g le  p o in t p lo t s  fo r  4 -n itro p h en o l are
shown in  f ig u r e  3 . 2 7 .  I t  can be seen  th a t  phenol h as no e f f e c t  on
th e  ad so rp tio n  of 4 -n itro p h en o l (Table 3 . 3 4 ) .
The uptake o f 4 -n itro p h en o l over the c o n c e n tr a tio n  range 
_3 _3
0 -  1x10 M was determ ined in  th e  p resen ce  of 5x10 M phenol which
i s  shown in  f ig u r e s  3 . 28  and 3 . 2 9 .  The so r p t io n  isotherm  fo r  4—
n itro p h en o l i s  superimposed upon i t s  s in g le  s o lu te  iso th erm , both of
which a re  L type in  n a tu re . The uptake o f phenol ( i n i t i a l
—3
co n cen tra tio n  5x10 M) i s  c le a r ly  suppressed  by 4 -n itro p h en o l "s^ich 
i s  shown in  the s in g le  p o in t p lo t  ( f ig u r e  3 . 2 9 ,  ta b le  3 . 3 4 ) .
3 . 3 . 4 . 2  The S o rp tio n  of 4-m ethoxybenzoic acid  ; 4 -n itro p h en o l  
M ixtures by Coated and Uncoated A ctiv e  Carbon.
The uptake of 4-m ethoxybenzoic acid  on uncoated a c t iv e  carbon and
210
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I n i t i a l  C oncentration  








J.O 2.0 4 .03 .0 5 .0
EQUILIBRIUM CONCENTRATION x 10 M
FIG 3.26 SORPTION ISOTHERMS FOR PHENOL BY ACTIVE CARBON AT pH 2 .32  
(0.5M IONIC STRENGTH) AND 30° IN THE PRESENCE OF 4-NITROPHENOL. 






2 .0 4 .01 . 0 3 .0 6.05 .0
INITIAL CONCENTRATION OF PHENOL x 10 M
FIG 3.27  ; MIXED SORPTION SINGLE POINT PLOT FOR 4 -NITROPHENOL 
ON TO ACTIVE CARBON AT pH 2 .32 (0.5M IONIC STRENGTH) AND 30° IN 
THE PRESENCE OF PHENOL.


























































































I n i t i a l  C oncentration  
o f  Phenol
Zero
-3,.0
J.O 2.0 3 .0 4 .0 5 .0
EQUILIBRIUM CONCENTRATION x  10 M
FIG 3 . 28  SORPTION ISOTHERMS FOR 4-NITROPHENOL BY ACTIVE CARBON AT 
pH 2 . 32  (0.5M IONIC STRENGTH) AND 30° IN THE PRESENCE OF PHENOL 






I n i t i a l  C oncentration  o f Phenol 5 x 10 M
.5
4 .02.0 6.0 8,0 30.0
INITIAL CONCENTRATION OF 4-NITROPHENOL z  30 M
FIG 3 . 29  MIXED SORPTION SINGLE POINT PLOT OF PHENOL ON TO ACTIVE 
CARBON AT pH 2.32  (0.5M IONIC STRENGTH) AND 30° IN THE PRESENCE OF 
4-NITROPHENOL. INITIAL CONCENTRATION 0 -  10"'^M.
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_ 3
th e  c o n cen tra tio n  range 0 -  1x10 M was determ ined in  th e  p resen ce
_ 3  - 3  _3
o f  1x10 M, 3x10 M and 5x10 M 4 -n itr o p h e n o l. The so r p tio n  
iso th erm s of 4-m ethoxyb en zoic acid  were a l l  o f th e  Lg type ( f ig u r e
3 . 30 )  and uptake was suppressed  in  th e p resen ce  o f an in c r e a s in g  
c o n c e n tr a tio n  o f 4 -n itr o p h e n o l. The corresponding s in g le  p o in t p lo t  
fo r  th e  4 -n itro p h en o l iq>take in  t h i s  system  ( f ig u r e  3 . 3 1 )  shows th a t  
4-m ethox y b en zo ic  acid  i s  capable of su p p ressin g  th e  uptake of 
4 -n itro p h en o l ( ta b le  3 . 3 5 ) .
The uptake of 4 -m ethoxybenzoic ac id  on nylon  6 coated  carbon, 
over th e  same c o n cen tra tio n  range, in  th e  p resen ce  of 5x10 M 
4 -n itro p h en o l i s  shown in  f ig u r e  3 . 3 2 ,  ^ e r e  a s im ila r  p a tte r n  o f  
c o m p etitio n  occurs on th e  coated  sorbent as on th e  uncoated carbon.
The corresponding s in g le  p o in t p lo t  o f 4 -n itr o p h e n o l ( f ig u r e  3 . 33 )  
in d ic a te s  th a t , a lthough  th e d ata  i s  s c a t te r e d , s o r p t io n  o f 4 — 
n itro p h en o l i s  suppressed  w ith  resp ec t to  i t s  s in g le  s o lu te  uptake 
but i s  ^ p a r e n t ly  independent of in c r e a s in g  com p etitor  c o n c e n tr a tio n , 
( ta b le  3 . 3 5 ) .
3 . 3 . 4 . 3  The S o rp tio n  of E thyl 4-am inobenzoate : 4-m ethoxybenzoic
acid  M ixtures by Coated and Uncoated Carbon.
The s o r p t io n  isotherm s of 4 -me thoxybenzo ic  acid  on uncoated
a c t iv e  carbon over th e  co n cen tra tio n  range 0 -  1x10 M in  th e  p resen ce  
_ 3  _ 3  _3
o f  1x10 M, 3x10 M and 5x10 M e th y l 4-am inobenzoate a re  shown in  
f ig u r e  3 . 3 4 .  The s o r p t io n  of 4-m ethoxybenzoic acid  i s  suppressed  by 
e th y l 4-am inobenzoate and, a s  b e fo r e , th e  e x te n t o f su p p ress io n  
in c r e a se s  w ith  in c r e a s in g  com petitor c o n c e n tr a tio n . The isotherm  o f
4-me thoxybenzo ic  acid  changes from to  to  a s  th e com petitor
_ 3  _ 3  _ 3





1 . 0 4 .0 6.02.0 3 .0 5 .0
EQUILIBRIUM CONCENTRATION % 10 M
FIG 3 . 30  SORPTION ISOTHERMS FOR 4 -METHOXYBENZOIC ACID ON TO ACTIVE 
CARBON AT pH 2 . 32 (0.5M IONIC STRENGTH) AND 30° IN THE PRESENCE OF 
4-NITROPHENOL. INITIAL CONCENTRATION RANGE 0 -  lO'^M
4-NITROPHENOL INITIAL CONCENTRATION








0. 2 0 .4 0, 80.6
INITIAL CONCENTRATION 4-METHQXYBENZOIC ACID :x JO
FIG 3.3J MIXED SORPTION SINGLE POINT PLOT FOR 4-NITROPHENOL ON TO 
ACTIVE CARBON AT pH 2 . 3 2 ( 0 . 5M IONIC STRENGTH) AND 30° IN THE 
PRESENCE OF 4-METHOXYBENZOIC ACID
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EQUILIBRIUM CONCENTRATION x  10 M
FIG 3. 32  SORPTION ISOTHERMS FOR 4-METHOZYBENZOIC ACID ON TO NYLON 6 
COATED ACTIVE CARBON AT pH 2 . 32  (0.5M IONIC STRENGTH) AND 30° IN THE 
PRESENCE OF 4-NITROPHENOL. INITIAL CONCENTRATION RANGE 0 -  10"^M






I n i t i a l  C oncentration  o f  
4 -n itro p h en o l 5 x  10 M
2.0 6.0 8.04 .0 10.0
INITIAL CONCENTRATION 4-METH05YBENZ0IC ACID
FIG 3 . 33  MIXED SORPTION SINGLE POINT PLOT TOR 4-NITROPHENOL ON 
TO NYLON 6 COATED ACTIVE CARBON AT pH 2 . 32  ÇO. 5M IONIC STRENGTH) 






] . 0 2.0 3 .0 4 .0 5 .0 6.0
EQUILIBRIUM CONCENTRATION x  10 M
FIG 3 . 34  SORPTION ISOTHERMS FOR A-»METH0XYBENZ0IC ACID ON TO ACTIVE CARBON 
AT pH 2 . 3 2 ( 0 . 5M IONIC STRENGTH) AND 30° IN THE PRESENCE OF ETHYL 4-  
AMINOBENZOATE. INITIAL CONCENTRATION RANGE 0 -  10~&
INITIAL CONCENTRATION ETHYL 4-AMINOBENZOATE: -ZERO : O -  5 X 1 0 " \
e-3 X 10“ M^ O -  10"^M
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The corresponding s in g le  p o in t p lo t  fo r  e th y l 4-am inobenzoate ( f ig u r e
3 , 30 )  shows th a t  4-m ethoxybenzoic a c id  su p p resses th e uptake of e th y l  
4-am inobenzoate, th e  degree of su p p ressio n  ap p aren tly  d ecre a sin g  a s  
th e  c o n cen tra tio n  of e th y l 4-am inobenzoate d ecrea ses  ( ta b le  3 . 3 6 ) .
The so r p tio n  isotherm  o f  4-m ethoxybenzoic acid  on nylon  6 coated  
carbon over th e  same range of i n i t i a l  co n cen tra tio n  in  th e p resen ce  
o f  5x10 M e th y l 4-am inobenzoate i s  S^type in  nature ( f ig u r e  3 . 3 6 )  
in d ic a t in g  th a t  th e  co m p etitiv e  n atu re of th e  two s o lu te s  i s  s im ila r  
to  th a t  on th e  uncoated m a te r ia l. In c o n tr a s t  to  th e uncoated carbon
- 3
system , th e  corresponding uptake of 5x10 M i n i t i a l  co n cen tra tio n  
e th y l 4-am inobenzoate i s  ap p aren tly  u n a ffe c ted  by th e  p resen ce  of 
4-m ethoxybenzoic acid  ( f ig u r e  3 . 3 7 ,  ta b le  3 . 3 6 ) .
3 . 3 . 4 . 4 ,  The S o rp tio n  o f E thyl 4-am inobenzoate : 4 -n itro p h en o l
M ixtures by Coated and Uncoated Carbon.
The s o r p t io n  isotherm s o f 4 -n itro p h en o l on uncoated a c t iv e
_3
carbon over th e  c o n cen tra tio n  range 0 -  4x10 M in  th e  p resen ce  o f
_3 _3
3x10 M and 5x10 M e th y l 4-am inobenzoate a re  shown in  f ig u r e  3 . 3 8 .
The isotherm s in d ic a te  th a t  a c o n c e n tr a tio n  dependent su p p ress io n  o f
4 -n itro p h en o l uptake i s  tak in g  p la c e  in  t h i s  system . The s in g le
p o in t p l o t s  f o r  th e  uptake of e th y l 4-am inobenzoate show th a t a
co n cen tra tio n  dependent su p p ression  of uptake i s  tak in g  p la c e  in  th e
p resen ce  o f 4 -n itro p h en o l ( f ig u r e  3 . 3 9 ,  ta b le  3 . 3 7 ) .
The so r p tio n  isotherm  o f 4 -n itr o p h e n o l, on th e  coated so rb en t,
over th e  same co n cen tra tio n  range in  th e  p resen ce  of e th y l 4-am ino-
_3
b en zoate  ( i n i t i a l  co n cen tra tio n  5x10 M) i s  shown in  f ig u r e  3 . 40  
where i t  can be seen  th a t  com p etitio n  i s  s t i l l  apparent a f t e r  a p p lic a t io n  
o f  th e  c o a t . The s in g le  p o in t p lo t  o f e th y l 4-am inobenzoate, shown 






0.2 0 .4 0.6 0 . 8 J.O
INITIAL CONCENTRATION 4-METHOXYBENZOIC ACID x  1 0 ^ \
FIG 3 .35  MIXED SORPTION SINGLE POINT PLOT POR ETHYL 4-AMINOBENZOATE 
ON TO ACTIVE CARBON AT pH 2.32  (0.5M IONIC STRENGTH) AND 30° IN THE 
PRESENCE OF 4-METHOXYBENZOIC ACID
-3  —3INITIAL CONCENTRATION ETHYL 4-AMINOBENZOATE; # - 5  x  30 M ; 0 - 3  x  10 M 
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6.02.0 4 .0 8.0
EQUILIBRIUM CONCENTRATION :x 10 M
FIG 3 . 36  SORPTION ISOTHERMS FOR 4-METHOXYBENZOIC ACID ON TO NYLON 6 
ACTIVE CARBON AT pH 2 . 32  (0.5M IONIC STRENGTH ) AND 30° IN THE PRESENCE 
OF ETHYL 4-AMINOBENZOATE. INITIAL CONCENTRATION RANGE 0 ~  10*"^ M






' w  2 . 0
J.O
I n i t i a l  C oncentration  o f
-3 .E thyl 4-am inobenzoate; 5 x 10 M
2 .0  4 .0  6 .0  8 .0  JO.O
INITIAL CONCENTRATION 4-METHOXYBENZOIC ACID x  lO^ M 
FIG 3 . 37  MIXED SORPTION SINGLE POINT PLOT FOR ETHYL 4-AMINOBENZOATE 
ON TO NYLON 6 COATED ACTIVE CARBON AT pH 2 . 32  (0.5M IONIC STRENGTH ) 







J.O 2. 0 3 .0 4 .0 5 .0
EQUILIBRIUM CONCENTRATION % 10 M
FIG 3 . 38  SORPTION ISOTHERMS FOR 4-NITROPHENOL ON TO ACTIVE CARBON 
AT pH 2 . 32  (0.5M IONIC STRENGTH ) AND 30° IN THE PRESENCE OF ETHYL- 
4-AMINOBENZOATE. INITIAL CONCENTRATION RANGE 0 -  4 % 10’ \
INITIAL CONCENTRATION, ETHYL 4-AMINOBENZOATE: A - ZERO;0 - 5  x 10~^M











1 . 0 2.0 3 .0 4 .0 5 .0
INITIAL CONCENTRATION 4-NITROPHENOL x 10 M
FIG 3.39 MIXED SORPTION SINGLE POINT PLOT FOR ETHYL 4-AMINO- 
BENZOATE ON TO ACTIVE CARBON AT pH 2 . 32  ( 0 . 5M IONIC STRENGTH) 
AND 30° IN THE PRESENCE OF 4-NITROPHENOL
INITIAL CONCENTRATION, ETHYL 4-AMINOBENZOATE #  5 x 1 0 " \ ,  O 3 :x





EQUILIBRIUM CONCENTRATION x 10 M
FIG 3 .4 0  SORPTION ISOTHERMS FOR 4-NITROPHENOL ON TO NYLON 6 COATED 
ACTIVE CARBON AT pH 2 .3 2  (0.5M IONIC STRENGTH) AND 30° IN THE PRESENCE 
OF ETHYL 4-AMINOBENZOATE.
—3
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1.0 2.0 4 .03 .0 5 .0
INITIAL CONCENTRATION 4 -NITROPHENOL
FIG 3 .4 1  MIXED SORPTION SINGLE POINT PLOT FOR ETHYL 4-AMINOBENZOATE 
BY NYLON 6 COATED ACTIVE CARBON AT pH 2 .3 2  (0.5M IONIC STRENGTH) AND 
30° IN THE PRESENCE OF 4 -NITROPHENOL
INITIAL CONCENTRATION, ETHYL 4 -  AMINOBENZOATE: 5 x 10~^M
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a f fe c te d  by th e p resen ce  of 4 -n itr o p h e n o l, how ever, l in e a r  r e g r e s s io n  
a n a ly s is  su g g e s ts  th a t  a trend may e x i s t .  Table 3 .3 7  shows th a t th e  
c o e f f i c i e n t  of v a r ia t io n  fo r  th e  nylon  6 coated  sorb en t i s  l e s s  than  
100% but th e c o r r e la t io n  i s  a lso  l e s s  than 0 .5 .  As no s ig n i f ic a n t  
tren d  i s  p o s i t iv e ly  e s ta b lis h e d  e i th e r  by v is u a l  in s p e c t io n  o f f ig u r e  
3 ,4 1  or n u m erica lly , c o m p etitiv e  so r p tio n  was con sid ered  not to  be 
ta k in g  p la c e .  T h is o b serv a tio n  su g g e s ts  th a t a d if f e r e n c e  e x i s t s  
betw een th e  p a tte r n  o f su p p resion  on th e  coated  and uncoated carbons 
but i s  c o n s is te n t  w ith  th e r e s u lt  shown in  f ig u r e  3 .3 7 ,  \4iere  
su p p re ss io n  of e th y l 4-am inobenzoate uptake by 4-m ethoxybenzoic acid  
i s  a b o lish ed  a f t e r  a p p lic a t io n  of the co a t ( ta b le s  3 .3 6  and 3 .3 7 ) .
3 .4 .  KINETIC STUDIES OF THE SORPTION OF M3DEL SOLUTES BY ÜNCOATED 
AND NYLON 6 COATED ACTIVE CARBON.
3 .4 .1  General Method fo r  th e  D eterm in ation  of K in e tic  P r o f i l e s .
The method used in  th e  d eterm in a tio n  o f th e r a te  o f so r p tio n  was 
th a t  d escr ib ed  by Weber and M orris (196 3 ) . A g la s s  c o n ic a l f la s k  of 
a nominal v a lu e  of 1 l i t r e  was Immersed in  a th erm osta tted  w ater bath  
a t  30° to  a depth le v e l  w ith  th e  neck o f th e  f la s k .  To t h is ,  1 l i t r e  
o f  t e s t  s o lu t io n  was added a f t e r  a sp ectrop h otom etr ic  assay  had been  
ca rr ied  out to  confirm  th a t  the i n i t i a l  co n cen tra tio n  of the s o lu te s  
was th a t req u ir ed . The s o lu t io n  was d iscarded  i f  th e  v a lu e  fo r  th e  
i n i t i a l  co n cen tra tio n  ob tained  from th e sp ectrop h otom etr ic  assay  
d if fe r e d  from th a t  p red ic te d  from th e  d is s o lu t io n  of an a ccu ra te ly  
weighed sample of s o lu te  in to  b u ffe r  a t  pH 2 .3 2  (0 .5  io n ic  s tr e n g th ) .  
The s o lu t io n  was allow ed  to  eq u ilib ra te  to  th e  requ ired  tem perature  
o f  30° b e fo re  commencement of th e  experim ental d eterm in a tio n . The 
s o lu t io n  was s t ir r e d  by a g la s s  s t i r r e r  s h a f t ,  f i t t e d  w ith  a P .T .F .E .
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paddle v^ ich  was d riven  by high speed e l e c t r i c  motor c o n tr o lle d  by 
a V ariac tran sform er. The s h a ft  speed was a c c u r a te ly  determ ined a t  
5 m inute in te r v a ls  during th e  experim ent u sin g  a xenon strob oscop e  
which had been c a lib r a te d  w ith  a tachom eter. An a c c u r a te ly  weighed  
sample of sorbent gran u les was r a p id ly  added and 4 ml a l iq u o ts  o f  
th e  supernatant removed a t  v ariou s tim e in te r v a ls  u sin g  s in te r e d  
g la s s  sam pling tu b es . In order to  m in im ise errors in  uptake of th e  
so rb a te  due to  th e removal of s o lu t io n ,  th e  k in e t ic  p r o f i l e s  were 
obtained  from th r e e  r e p l ic a t e  d e term in a tio n s . The k in e t ic  p r o f i l e  
was determ ined over a p eriod  of 300 m inutes \d iich  was subd ivided  
in to  th r e e  tim e in t e r v a ls  of 0 - 2 5 ,  0 -  100 and 0 -  300 m inutes, 
removing f iv e  4 ml sam ples in  each in te r v a l  so th a t  th e  t o t a l  volume 
removed during any one d eterm in ation  did n o t exceed 2% o f th e t o t a l  
volum e. These sam ples were assayed  sp e c tr o p h o to m e tr ic a lly  to  
o b ta in  v a lu e s  fo r  th e  uptake from th e  mass b a lan ce  eq u ation  
(e q u a tio n  1 .1 ) .
Treatment of R e s u lt s .
The gen era l method o u tlin e d  in  th e p rev iou s s e c t io n  g iv e s  r i s e  
to  a p lo t  of uptake versu s tim e \d iich  w i l l  be re fe rred  to  as th e  
" k in e t ic  p r o f i le " .  The r a te  of so r p tio n  i s  th e  g rad ien t of th e  k in e t ic  
p r o f i l e  id iich  changes as a fu n c tio n  o f tim e, a s  can be seen  in  f ig u r e  
3 .4 4 .  F igure 3 .4 2  shows th a t so r p t io n  i s  slow er a t  700 rpm than a t  
th e  o th er  th r e e  h ig h er  s h a ft  sp eed s. Table 3 .3 8  fu r th e r  su g g e sts  th a t  
th e  r e la t iv e  r a te  co n sta n t a t  800 rpm may be s ig n i f i c a n t ly  slo w er , 
how ever, th e r e  appears to  be no s ig n i f ic a n t  d if f e r e n c e  a t  s h a ft  speeds 
o f  900 and 1000 rpm. Two r e p l ic a t e  d eterm in ation s of th e  r e la t iv e  r a te  
co n sta n t a t  900 and 1000 rpm s h a ft  speed were compared by means o f an 












J.O 2 ,0  3 ,0
TIME^  CHINS' )^
4 ,0 5 ,0
FIG 3 .4  2 . EFFECT OF STIRRING RATE ON THE KINETIC PROFILE FOR THE 
ADSORPTION OF 4-NITROPHENOL Ç INITIAL CONCENTRATION lO'^M ) ON TO
2 .0  GRAMME OF ACTIVE CARBON AT pH 2 .3 2  ( 0.5M IONIC STRENGTH ) AND 
30° FROM J000 ml OF SOLUTION.
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of s ig n i f ic a n c e ,  A s t i r r i n g  r a te  o f 1000 rpm was th e r e fo r e  used  
th r o u ^ o u t to  determ ine th e  k in e t ic  p r o f i l e s  of the s o lu t e s .
hThe l in e a r  n atu re of the t  p lo t  a llo w s th e  com parison of
r e la t iv e  i n i t i a l  r a te s  of so r p tio n  by means of th e ir  s lo p e s  \diich
have been used to  d e f in e  a " r e la t iv e  r a te  constant"  (Weber and
M orris 1 9 6 3 ). T h is r e la t iv e  so r p tio n  r a te  con stan t does n ot have
th e  usual dim ensions a s so c ia te d  w ith  r e a c t io n  r a te  c o n s ta n ts , bein g
-1exp ressed  in  u n its  of mol Kg t
3 .4 .2  P relim inary K in e tic  I n v e s t ig a t io n s .
3 .4 .2 .1  The In flu e n c e  o f S t ir r in g  Rate on th e  R ate o f S o rp tio n .
The r a te  of so r p tio n  of s o lu te s  by a c t iv e  carbon has been  
shown to  be dependent on s t ir r in g  r a te  (Weber and M orris 1963).
The r a te  of so r p tio n  in c r e a se s  w ith  s t ir r in g  r a te  up to  a c r i t i c a l  
v a lu e  a f t e r  which no fu r th er  e f f e c t  i s  o b served . The in f lu e n c e  of  
s t ir r in g  r a te  on so r p tio n  was determ ined u sin g  a 10 M 4 -n it r o ­
phenol s o lu t io n  in  con tact w ith  2 .0  gramme of a c t iv e  carbon gran u les  
over a lim ite d  tim e p eriod  of 25 m in u tes. S t ir r e r  speeds stu d ied  
were 700, 800, 900 and 1000 rpm. The d a ta , shown in  f ig u r e  3 .4 2 ,  
u sin g  th e  t  p lo t ,  in d ic a te s  th a t  t h ^  are  l in e a r  over th e  i n i t i a l  
25 m inute p eriod  a f t e r  an i n i t i a l  lag  tim e of about h a lf  a m inute. 
Table 3 .3 8  shows the data  obtained  from com puterised le a s t -s q u a r e s  
r e g r e s s io n  a n a ly s is  to  o b ta in  th e  r e la t iv e  r a te  c o n s ta n ts .
3 . 4 .2 . 2 .  The In flu e n c e  o f P a r t ic le  Breakdown on th e  R ate o f S orp tion , 
Under th e  co n d itio n s  of h igh a g it a t io n ,  a t  a s t ir r in g  r a te  o f  
1000 rpm th e  a c t iv e  carbon gran u les were observed to  shed f in e  
p a r t ic l e s  in to  th e  supernatant s o lu t io n .  There w ere in s u f f i c i e n t  
f in e  p a r t ic l e s  to  recover and su b seq u en tly  u se  fo r  eq u ilib r iu m  and 
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r a te  of so r p tio n . I t  was d ec id ed , th e r e fo r e , to  a s s e s s  th e
in f lu e n c e  of the l o s s  o f f in e  p a r t ic l e s  on th e  g ran u les u s in g  th e
fo llo w in g  p roced u re. 5 grammes of a c t iv e  carbon gran u les were
s t ir r e d  a t  1000 rpm in  500ml o f d i s t i l l e d  w ater a t  30° fo r  f iv e
hours. The f in e  p a r t ic l e s  shed during t h i s  p ro cess  were then
sep arated  by washing th e  granule s lu r r y , supported on a number 10
mesh s ie v e ,  w ith  tap w ater fo llo w ed  by d i s t i l l e d  w ater then  drying
to  co n sta n t w eigh t in  a vacuim oven . The k in e t ic  p r o f i l e  of 4 -
_ 3
n itro p h en o l from a 10 N s o lu t io n  was th en  determ ined on normal 
a c t iv e  carbon g ran u les and gran u les trea ted  by th e  p ro cess  d escr ib ed  
above, u s in g  th e  standard p roced u re. A s t i r r e r  s h a f t  speed of  
600 rpm was used to  m inim ise fu r th er  a t t r i t i o n  o f th e  g ra n u les .
D ata from th e se  d eterm in ation s are g iv e n  in  ta b le  3 .3 9  and f ig u r e  
3 .4 3 .  The t - t e s t  betw een the l in e a r  r e g io n  o f th e  two t  p lo t s  
confirm s th a t  no s ig n i f ic a n t  d if f e r e n c e  e x i s t s  betw een k in e t ic  
p r o f i l e s  th e  a t t r i t e d  and u n a ttr ite d  carbon. The f in e  p a r t ic l e s  
shed in to  th e  f la s k  during th e  uptake r a te  d eterm in a tio n , th e r e fo r e ,  
do n ot a f f e c t  th e  c h a r a c te r is t ic s  of th e  k in e t ic  p r o f i l e .
3 .4 .3  The S o rp tio n  K in e tic s  of 4 -n itro p h en o l on to  A ctiv e  Carbon.
3 .4 .3 .1  P r e c is io n  o f th e  Standard Experim ental Method.
T h is was e lu c id a te d  by determ in ing th e  so r p t io n  of 4 -n itro p h en o l 
_ 3
from a 10 M s o lu t io n  by 2 .0  gramme of a c t iv e  carbon over 0 -300  
m in u tes. The d ata  i s  g iv e n  in  ta b le  3 .4 0  and i s  shown p lo t te d  as  
a k in e t ic  p r o f i l e  (uptake versu s tim e) in  f ig u r e  3 .4 4 .
The so r p t io n  o f 4 -n itro p h en o l i s  rapid  over th e  f i r s t  30 
m inutes fo llo w ed  by a t r a n s it io n a l  p er io d  betw een 30 and 90 m inutes, 
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U n a ttr ite d  Carbon
A ttr it e d  Carbon
2.0
4 .0 8.0
TIME  ^ (MINS^)
FIG 3 .4 3  THE EFFECT OF PARTICLE BREAKDOWN ON THE ADSORPTION KINETICS 
OF 4-NITROPHENOL ON TO 2 .0  GRAMME OF ACTIVE CARBON FROM 1000ml OF 
1.75 X 10“ M^ INITIAL CONCENTRATION SOLUTION AT pH 2 .3 2  ( 0.5M IONIC 
STRENGTH ) AND 3 0 °.
240
Table 3 .4 0  Data fo r  th e Rate o f Uptake o f 4 -n itro p h en o l on to
—3
2.0gramme A ctiv e  Carbon from 1000ml o f 10 M Aqueous S o lu t io n ,  







P ercentage  
r e s id u a l  
C one en t r a t  io n
1 1 .0 0 .029 9 4 .2
4 2 .0 0 .095 83 .0
9 3 .0 0 .165 66 .8
13 3 .6 0 .207 5 8 .4
16 4 .0 0 .233 5 3 .2
20 4 .5 0 .259 4 8 .0
25 5 .0 0 .288 4 2 .1
36 6 .0 0 .337 3 2 .4
60 7 .8 0 .384 2 2 .1
129 1 1 .4 0 .436 11 .7
180 13.4 0 .449 9 .2
240 15 .5 0 .456 7 .8
300 17 .3 0 .461 6 .8
D eterm ination  I I
2 1 .4 0 .048 8 9 .3
3 1 .7 0 .069 85 .2
4 2 .0 0 .090 8 1 .0
6 2 .5 0 .121 74 .7
9 3 .0 0 .159 6 7 .0
13 3 .6 0 .230 5 2 .8
18 4 .2 0 .243 5 0 .3
22 4 .7 0 .268 4 6 .3
90 9 .5 0 .412 17.5
180 13.4 0 .452 9 .1
300 17 .3 0 .466 6 .7
241
A D eterm ination  I




FIG 3 .4 4  DATA FOR THE KINETIC PROFILE OF 4-NITROPHENOL ON TO 2 .0  
GRAMME OF ACTIVE CARBON FROM 1000ml OF JO^ '^ M SOLUTION AT pH 2 .3 2  
( 0 . 5M IONIC STRENGTH ) AND 30°
242
Treatment of R e s u lts .
ig
The data  i s  shown p lo t te d  a s  uptake versu s t  in  f ig u r e  3 .4 5  
where th e  k in e t ic  p r o f i l e  i s  l in e a r  over the 4 -30  m inute tim e  
p e r io d . Data from th e  l in e a r  r e g io n  of t h i s  p lo t  was subm itted  to  
a l in e a r  le a s t - s q u a r e s  r e g r e s s io n  a n a ly s is  to  ob ta in  th e r e la t iv e  
r a t e  c o n s ta n ts . These r e la t iv e  r a te  c o n s ta n ts , to g e th e r  w ith  th e  
o th e r  param eters a s so c ia te d  w ith  th e l in e a r  p r o f i l e ,  a r e  g iv e n  in  
ta b le  3 .4 1 .
3 . 4 .3 . 2 .  The In flu e n c e  o f A ctiv e  Carbon W eight.
The k in e t ic  p r o f i l e s  of 4 -n itro p h en o l from 1 l i t r e  of a 
_3
2x10 M s o lu t io n  w ere determ ined u sin g  0 .5 ,  1 .0  and 2 .0  gramme of 
a c t iv e  carbon to  a s s e s s  th e  e f f e c t  o f granu le w eigh t on th e  r a te  o f  
so r p t io n . The d a ta  a re  p lo t te d  as k in e t ic  p r o f i l e s  in  f ig u r e  3 .4 6
h.and uptake versu s t  in  f ig u r e  3 .4 7 .  R e la t iv e  r a te  co n sta n t d ata  
i s  g iv e n  in  ta b le  3 .4 2  where i t  can be seen  th a t  th e  r a te  of so r p t io n  
in c r e a s e s  as th e w eigh t o f sorbent d e c r e a se s . Although th e so r p t io n  
r a t e  co n sta n t in c r e a se s  as th e  sorbent w eigh t d e c r e a se s , th e  t o t a l  
amount of s o lu te  removed from s o lu t io n  in c r e a se s  w ith  in c r e a s in g  
so rb en t w e ig h t.
3 . 4 .3 . 3 .  The In flu e n c e  o f I n i t i a l  C on cen tration .
The k in e t ic s  of uptake o f 4 -n itro p h en o l from 1 l i t r e  o f s o lu t io n
- 3
o f  i n i t i a l  co n c e n tr a tio n  1 -  5x10 M, were determ ined u sin g  1 .0  
and 2 .0  gramme o f a c t iv e  carbon to  a s s e s s  th e  in f lu e n c e  of s o lu te  
c o n c e n tr a tio n  on r a te s  of so r p t io n . K in e tic  p r o f i l e s  are shown in
h
f ig u r e s  3 .4 8  and 3 .4 9  r e s p e c t iv e ly  and th e  corresponding t  p lo t s  
a re  shown in  f ig u r e  3 .5 0  and 3 .5 1  r e s p e c t iv e ly .  Rate co n sta n t data  
i s  g iv e n  in  ta b le  3 .4 3  where i t  can be seen  th a t  an in c r e a se  in  







D eterm ination  I
2 D eterm ination  I I
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15 .0 20.05 .0 10.0
TIME 2 (MINS
FIG 3 .4 5  DATA FOR THE KINETIC PROFILE OF 4-NITROPHENOL ON TO 2 .0  
GRAMME OF ACTIVE CARBON FROM 1000ml OF 1 0 " \  INITIAL CONCENTRATION 
SOLUTION AT pH 2 .3 2  ( 0.5M IONIC STRENGTH) AND 3 0 ° ~~AS"A FUNCTION OF 
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FIG 3 .4 6  THE EFFECT OF ADSORBENT WEIGHT ON THE KINETIC PROFILE OF 
4-NITROPHENOL ON TO ACTIVE CARBON FROM 1000ml OF 'A 2 % 10""\ INITIAL









] . 0 2.0 3 .0 4 .0 5 .0
TIME' (MIN
FIG 3 .4 7  THE EFFECT OF GRANULE WEIGHT ON THE KINETIC PROFILE OF 
4-NITROPHENOL ON TO ACTIVE CARBON FROM 4000ml OF A 2 jx lO^^M 
SOLUTION AT pH 2 .3 2  ( 0.5M IONIC STRENGTH. ) AND 30° PLOTTED AS 















































































I n i t i a l  C oncentration
• 1.004 X “ 310 -^ M
□ 2 .003 X i o " \
■ 2.979 X 10“ M^
A 3 .974 X 10 -^ M





FIG 3 .4 8  THE EFFECT OF INITIAL CONCENTRATION ON THE KINETIC PROFILE 
OF 4-NITROPHENOL ON TO ACTIVE CARBON FROM 1000ml OF SOLUTION AT pH 2 .32  










FIG 3 .49  THE EFFECT OF INITIAL CONCENTRATION ON THE KINETIC PROFILE
OF 4-NITROPHENOL ON TO ACTIVE CARBON FROM ] 000ml OF SOLUTION AT pH 2 .3 2  
( 0.5M IONIC STRENGTH ) AND 3 0 ° . GRANULE NEIGHT; 2 .0  gramme
INITIAL CONCENTRATION ; #  9 .990  à  10"^Sl; O 1 .952 jx 10""&; ■ 2 .964  J 0 " \  
A 3.961 X lO^^M; A 4 .915  lO^^M
250
1 . 0  -
0 .5
I n i t i a l  C oncentration
▲ 4.969 X “310 M
A 3.974 X —310
■ 2.979 X “ 310




1 .0  2 .0  3 .0  4 .0
TIME^  (MIN^)
5 .0
FIG 3 .5 0  THE EFFECT OF INITIAL CONCENTRATION ON THE t  ^  PLOTS FOR 
4-NITROPHENOL ON TO ACTIVE CARBON FROM 1000ml OF SOLUTION AT pR 2 .3 2  








2.0 4 .0 6 .0
TIME  ^ (MIN^)
FIG 3.51 THE EFFECT OF INITIAL CONCENTRATION ON THE PLOTS FOR 
4-NITROPHENOL ON TO ACTIVE CARBON FROM 1000ml OF SOLUTION AT pH 2 .3 2  
( 0 . 5M IONIC STRENGTH ) AND 3 0 ° . GRANULE WEIGHT : 2 .0  gramme.
INITIAL CONCENTRATION; A 4 .915  x ]0~^M; A 3 .961 x lO’ ^M; ■ 2 .964  x  lO ^ V  
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3 .4 .3 .4 .  The In flu e n c e  o f Coating A ctiv e  Carbon G ranules w ith  N ylon 6 .
The k in e t ic  p r o f i l e  fo r  th e  so r p t io n  o f 1 -  5x10 M 4 - n i t r o -
phenol on to  1 .0  gramme of n y lon  6 coated  a c t iv e  carbon a re  shown
in  f ig u r e  3 .5 2 .  The corresponding t  p lo t s  are shown in  f ig u r e  3 .5 3
and th e  r e la t iv e  r a te  co n sta n t data  i s  g iv e n  in  ta b le  3 .4 4 .
The r e la t iv e  r a te  co n sta n t fo r  th e  so r p tio n  of 4 -n itro p h en o l
g e n e r a lly  in c r e a se s  a s  th e i n i t i a l  co n cen tra tio n  in c r e a s e s ,  althougji
th e  o v e r a l l  s o r p t io n  r a te s  are low er than fo r  th e  corresponding
p r o f i l e s  on th e  uncoated so r b e n t. The r a te  c o n sta n ts  in c r e a se  from 
- 3  _ 3
1x10 M to  3x10 M i n i t i a l  c o n c e n tr a tio n  a t which p o in t no fu r th er  
in c r e a se  o ccu rs, fo r  an in c r e a s e  in  i n i t i a l  c o n c e n tr a tio n , su g g e stin g  
th a t  a l im it in g  r a te  of so r p tio n  has been a t ta in e d .
3 .4 .4  The S o rp tio n  K in e t ic s  of th e  Model S o lu te  I n te r a c t io n  w ith  
Uncoated and Nylon 6 Coated A ctiv e  Carbon from S in g le  S o lu te  and 
Binary S o lu te  S o lu t io n .
The so r p tio n  k in e t ic  p r o f i l e s  o f 4 -n itr o p h e n o l, 4-m ethoxybenzoic  
acid  and e th y l 4-am inobenzoate w ere determ ined fo r  t h i s  in te r a c t io n  
w ith  1 .0  gramme of coated  and uncoated carbon from 1000ml o f s o lu t io n  
a t  pH 2 .3 2  ( io n ic  s tr e n g th  0.5M) and 30° u sin g  th e  standard  
procedure. The u se  of 1 .0  gramme of sorbent ensured th a t uptakes 
reached v a lu e s  where co m p etitio n  m ight be expected  on th e b a s is  of 
th e  eq u ilib r iu m  s o r p t io n  s tu d ie s .  The in v e s t ig a t io n  of th e  k in e t ic s  
o f  so r p tio n  in  t h is  r e g io n  of uptake ensured th a t  th e e f f e c t  of 
co m p etitiv e  so r p tio n  p r o c e s s e s  on th e r a te  o f uptake could  be s tu d ie d .
3 .4 .4 .1  The R ate o f S o rp tio n  o f th e  Model S o lu te s  from S in g le  
S o lu te  S o lu t io n  on A ctiv e  Carbon.














FIG 3 .5 2  THE EFFECT OF INITIAL CONCENTRATION ON THE KINETIC 
PROFILE OF 4-NITROPHENOL ON TO NYLON 6 ACTIVE CARBON FROM 1000ml 
OF SOLUTION AT pH 2 .3 2  ( 0.5M IONIC STRENGTH ) AND 30 ° . GRANULE 
WEIGHT; 1.0  gramme
255
I n i t i a l  C oncentration
-3,
-3,A 3 .955  X
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FIG 3 .5 3  THE EFFECT OF INITIAL CONCENTRATION ON THE t^ PLOTS FOR 
4-NITROPHENOL ON TO NYLON 6 COATED ACTIVE CARBON FROM 1000ml OF 
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acid  and e th y l 4-am inobenzoate from 1 l i t r e  o f 10 M s o lu t io n
on a c t iv e  carbon a re  shown in  f ig u r e  3 .5 4  and th e  corresponding
h. Lt  p lo t s  are shown in  f ig u r e  3 ,5 5 .  The t  p lo t s  were a l l  l in e a r  
up to  25 m inutes a llo w in g  r e la t iv e  r a te  c o n sta n ts  to  be c a lc u la te d  
in  each ca se  \d iich  are g iv en  in  ta b le  3 .4 5 .  The r e la t iv e  r a te  
c o n s ta n ts  fo r  th e  so r p tio n  of 4 -n itro p h en o l ( f ig u r e  3 .5 0 )  and
- 3
e th y l 4-am inobenzoate (n o t p lo t te d )  from 5x10 M s o lu t io n  are  
a ls o  g iv e n  in  ta b le  3 .4 5  fo r  com parison. These two system s w i l l  
be u sed , su b seq u en tly , i n  th e  b inary s o lu t e  so r p t io n  stu d y .
3 .4 .4 .2  The R ate of S o rp tio n  o f th e  Model S o lu te s  from S in g le
S o lu te  S o lu t io n  on Nylon 6 Coated A ctiv e  Carbon.
The so r p t io n  k in e t ic s  p r o f i l e s  fo r  4 -n itr o p h e n o l, 4-methoxy—
_ 3
b en zo ic  acid  and e th y l 4-am inobenzoate from 1 l i t r e  of a 10 M
s o lu t io n  on n ylon  6 coated  a c t iv e  carbon a r e  shown in  f ig u r e  3 .5 6
and th e  corresponding t  p lo t s  in  f ig u r e  3 .5 7 .  The t  p lo t s  were
l in e a r  to  3 hours and th e  r e l a t iv e  so r p t io n  r a te  co n sta n ts  are
g iv e n  in  ta b le  3 .4 6 ,  a ls o  in c lu d ed  a re  data  fo r  th e  so r p tio n  of
_ 3
4 -n itro p h en o l and e th y l 4-am inobenzoate from 5x10 M s o lu t io n s ,  
which were used in  b inary s o lu te  s o r p t io n  r a te  s t u d ie s .  The rank 
order o f th e  o v e r a l l  r a te s  o f  s o r p t io n  i s  d i f f e r e n t  from th a t  o f  
th e  uncoated so rb en t. For th e  coated  carbon, th e  so r p tio n  r a te  
p r o f i l e s  o f 4 -n itro p h en o l and 4-m ethoxybenzoic a c id  ( f ig u r e  3 .5 6 )  
superim pose w h i ls t  th a t  fo r  e th y l 4-am inobenzoate remains lo w er . 
The o v e r a l l  r a te  o f so r p t io n  fo r  a l l  th r e e  s o lu t e s  i s  lower on th e  
nylon  6 coated  carbon compared to  th e  uncoated m a te r ia l.
3 ,4 .5  The Uptake of S o lu te s  from Binary Mixed S o lu t io n  on to  
A ctiv e  Carbon and Nylon 6 Coated A ctiv e  Carbon.
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FIG 3 .5 4  THE KINETIC PROFILES FOR 4-NITROPHENOL, 4-METKOXYBENZOIC ACID 
AND ETHYL 4-AMINOBENZOATE FROM 1000ml OF 10“\  INITIAL CONCENTRATION 










^  4 -n i  tropheno1
^  4-m ethoxybenzoic ac id
#  e th y l  4-am inpbenzoate
0
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TIME  ^ (MIN^)
FIG 3.55 t^  PLOTS FOR THE SORPTION OF 4-NITROPHENOL, 4-METHOXYBENZOIC- 
ACID AND ETHYL 4-AMINOBENZOATE ON TO ACTIVE CARBON FROM 1000ml OF 
SOLUTION AT pH 2.32 ( 0.5M IONIC STRENGTE ) AND 30^. INITIAL 








A 4 -n itro p h e n o l0 .3
■ 4- m ethoxybenzoic a c id
#  e th y l 4-am inobenzoate0.2
200100 300
TIME (MIN)
FIG 3.56 KINETIC PROFILES FOR 4-NITROPHENOL, 4-METHOXYBENZOIC 
ACID AND ETHYL 4-AMINOBENZOATE ON TO NYLON 6 COATED ACTIVE CARBON 
FROM 1000ml OF SOLUTION AT pH 2.32 (0 .5 M  IONIC STRENGTH ) AND 30  ^
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■ 4-m ethoxybenzoic ac id
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0 .4
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FIG 3.57 t^ PLOTS FOR 4 -NITROPHENOL, 4-METHOXYBENZOIC ACID AND 
ETHYL 4-AMINOBENZOATE ON TO NYLON 6 COATED ACTIVE CARBON FROM 
] 000ml OF SOLUTION AT pH 2.32 Ç 0 .5M IONIC STRENGTH ) AND 30° 
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model s o lu te s  by b o th  a c t iv e  carbon and ny lon  6 coated  a c t iv e  
carb o n  w ere determ ined a t  pH 2 ,3 2  (0.5M io n ic  s tre n g th )  and 30° 
u s in g  th e  s tan d a rd  p ro ced u re . The b in a ry  s o lu te  m ix tu res  s e le c te d  
f o r  study  to g e th e r  w ith  th e  i n i t i a l  c o n c e n tra tio n  a r e  summarised 
i n  ta b le  3 .4 7 .
C a lc u la tio n  of r e l a t i v e  r a t e  c o n s ta n ts  from b in a ry  s o lu te  
s o r p t io n  experim en ts was n o t c a r r ie d  out a s  th e  n a tu re  of th e  t  
p lo t s  were l i n e a r ,  u s u a lly  over th e  i n i t i a l  25 m inute p e r io d , bu t 
in te r c e p t  th e  a b s c is s a  w ith  a  p o s i t iv e  v a lu e . C le a r ly , i n  system s 
where th e  e f f e c t  of co m p e titio n  i s  n o t s ig n i f ic a n t  over th e  I n i t i a l  
0 - 2 5  m inute tim e in te r v a l ,  th e  t  r e la t io n s h ip  i s  fo llo w ed .
When co m p e titio n  i s  p re se n t th e  t ^  p lo t  i s  l i n e a r  b u t in te r c e p t s  
th e  o rd in a te  as i s  shown in  f ig u r e  3 .5 8 . As th e  v a l id i t y  of th e  
t  i s  q u es tio n ab le  fo r  th e  com parison of s in g le  and b in a ry  s o lu te  
s o rp t io n  k in e t ic s  in  th e  p re sen ce  and absence of th e  ny lon  6 c o a t, 
th e  k in e t ic  p r o f i l e s  on ly  a r e  p re sen te d  to  a llow  d i r e c t  com parison 
o f th e  e f f e c t  of co m p etitiv e  s o rp tio n  on th e  r a t e  of up take  and th e  
e f f e c t  of th e  c o a t on such p ro c e sse s . In  a l l  c a se s , th e  r a t e  of 
uptake of s o lu te s  was low er on th e  coated  so rb en t th a n  on th e  
uncoated m a te r ia l .
3 .4 .5 .1  The R ate  of S o rp tio n  of E th y l 4-am inobenzoate and 
4 -n it ro p h e n o l.
F ig u re  3 .59 shows th a t  th e  k in e t ic  p r o f i l e  fo r  e th y l  4 -
-3
am inobenzoate from an i n i t i a l  c o n c e n tra tio n  of 5x10 M on uncoated
a c tiv e  carbon i s  u n a ffe c te d  by th e  p re sen ce  of 4 -n itro p h e n o l a t  an
_ 3
i n i t i a l  c o n c e n tra tio n  of 10 M. In  c o n tra s t^ th e  p r o f i l e  fo r  4— 
n itro p h en o l shows th a t  th e  r a t e  of up take i s  reduced by th e  p resen ce  
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FIG 3.58  t^ PLOTS FOR 4-NITROPHENOL ON TO 1.0 GRAMME OF ACTIVE 
CARBON FROM J 000ml OF BINARY SOLUTE SOLUTION CONTAINING 5 x 3 0 " \  
4-NITROPHENOL AND lO’^^ M 4-METHOXYBENZOIC ACID, AND A SINGLE SOLUTE 
SOLUTION CONTAINING 5 x lO^^M 4-NITROPHENOL AT pH 2.32 ( 0.5M IONIC 
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FIG 3.59 KINETIC PROFILES FOR THE SORPTION OF 4 NITROPHENOL 
AND ETHYL -4-AMINOBENZOATE FROM 1000ml OF SINGLE AND BINARY SOLUTION 
AT pH 2.32 ( 0.5M IONIC STRENGTH ) AND 30° ON TO 1.0 gramme OF 
ACTIVE CARBON
KEY; •  ETHYL 4-AMINOBENZOATE; 5 x  10“ \  INITIAL CONCENTRATION 
O ETHYL 4-AMINOBENZOATE; 5 x  10“ ^M + 4-NITROPHENOL; 10“ ^M 
A 4-NITROPHENOL ; 10“ \  INITIAL CONCENTRATION 
A 4-NITROPHENOL; 10” \  + ETHYL 4-AMINOBENZOATE; 5 x  1 0 T \
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th e s e  s o lu te s  on ny lon  6 coated  carbon shows th a t  e th y l  4-ain ino- 
b en zo a te  r a t e  i s  now a f fe c te d  by th e  p re sen ce  of 4 -n it ro p h e n o l ,  
w hereas, th e  su p p re ss io n  of r a t e  of 4 -n itro p h e n o l appears to  have 
been  reduced  (F ig u re  3 .6 0 ) ,
The same b in a ry  s o lu te  system , w ith  th e  i n i t i a l  c o n c e n tra tio n s  
re v e r s e d , i s  shown in  f ig u r e  3 .6 1 . The k in e t ic  p r o f i l e s  fo r  th e  
b in a ry  s o lu te  system  a re  b o th  reduced w ith  r e s p e c t  to  th e  s in g le  
s o lu te  p r o f i l e s  on th e  uncoated carbon s o rb e n t. F ig u re  3 .62  
showing th e  p r o f i l e s  fo r  ny lon  6 coated  carbon , in d ic a te s  t h a t  th e  
r a t e  s u p p re s s io n  e f f e c t  fo r  4 -n itro p h e n o l on th e  uncoated m a te r ia l  
i s  v i r t u a l l y  a b o lis h e d . The s o rp t io n  p r o f i l e  of e th y l 4-am ino­
b en zo a te  rem ains low ered a f t e r  a p p l ic a t io n  of th e  c o a t, in  th e  
p re sen c e  of 4 -n i t ro p h e n o l .
3 .4 .5 .2 .  The R ate  of S o rp tio n  E thy l 4 -am inobenzoate and 
4-m ethoxybenzoic a c id .
The o v e r a l l  r a t e  of s o rp tio n  of b o th  s o lu te s  on a c t iv e  carbon 
i s  reduced  ( f ig u r e  3 .6 3 ) ,  however, th e  r a t e  of e th y l  4-am ino- 
b en zo a te  i s  on ly  a f fe c te d  s l i g h t ly  P e r e a s  a s ig n i f i c a n t  re d u c tio n  
in  up take  ta k e s  p la c e  fo r  4-m ethoxybenzoic a c id .  F ig u re  3 .64  
re v e a ls  t h a t  th e  o v e r a l l  p a t t e r n  of r a t e  su p p re ss io n  i s  s im i la r  on 
th e  coated  s o rb e n t. The r a t e  of s o rp t io n  of e th y l  4-am inobenzoate 
i s  e s s e n t i a l l y  u n a ffe c te d  up to  80 m inu tes  vdien a s l i g h t  low ering  
in  r a t e  i s  a p p a re n t. The o v e ra l l  r a t e  of s o rp t io n  of 4-m ethoxybenzoic 
a c id  i s  supp ressed  from zero  tim e .
3 .4 .5 .3 .  The R ate  of S o rp tio n  4 -n itro p h e n o l and 4-m ethoxybenzoic ac id
F ig u re  3 .6 5  shows th a t  th e  k in e t ic  p r o f i l e s  f o r  th e  r a t e  of
s o rp tio n  of 4 -n itro p h e n o l and 4-m ethoxybenzoic a c id  on a c t iv e  carbon 










FIG 3 .60  KINETIC PROFILES FOR THE SORPTION OF 4 -NITROPHENOL 
AND ETHYL 4-AMINOBENZOATE FROM 3000ml OF SINGLE AND BINARY SOLUTE 
SOLUTION AT pH 2.32 ( 0.5M IONIC STRENGTH ) AND 30° ON TO 3.0 gramma 
OF NYLON 6 COATED ACTIVE CARBON. INITIAL CONCENTRATIONS GIVEN IN KEY 
BELOW.
KEY: #  ETHYL 4-AMINOBENZOATE: 5 x 10“ \  SINGLE SOLUTE.
O ETHYL 4-AMINOBENZOATE: 5 x JO '^^M + 4-NITROPHENOL; JO'^^M 
^ 4-NITROPHENOL: J0“ \  SINGLE SOLUTE
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FIG 3.61 KINETIC PROFILES FOR THE SORPTION OF 4-NTTROEHENOL AND 
ETHYL 4-AMINOBENZOATE FROM 1000ml OF SINGLE AND BINARY SOLUTE SOLUTION 
AT pH 2.32  ( 0.5M IONIC STRENGTH ) AND 30° ON TO 1.0 gramme OF ACTIVE 
CARBON. INITIAL CONCENTRATIONS GIVEN IN KEY BELOW.
KEY: A 4-NITROPHENOL: 5 x 10"^M SINGLE SOLUTE
A 4-NITROPHENOL: 5 x 10~& + ETHYL 4-AMINOBENZOATE 10^&
# ETHYL 4-AMINOBENZOATE: 10“ \  SINGLE SOLUTE
O ETHYL 4-AMINOBENZOATE: lO'^M + 4-NITROPHENOL 5 x  10~^M
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FIG 3.62 KINETIC PROFILES FOR THE SORPTION OF 4-NITROPHENOL AND 
ETHYL 4-AMINOBENZOATE FROM 1000ml OF. SINGLE SOLUTE AND BINARY SOLUTE 
SOLUTION AT pH 2.32 ( 0 .5M IONIC STRENGTH ) AND 30° ON TO 1.0 gramme 
OF NYLON 6 COATED ACTIVE CARBON. INITIAL CONCENTRATIONS GIVEN IN KET 
BELOW.
KEY: 4-NITROPHENOL:5 x 10"^M SINGLE SOLUTE 
4-NITROPHENOL:5 x 10“ ^M + ETHYL 4-AMINOBENZOATE 10^&  
ETHYL 4-AMINOBENZOATE: 10“^M SINGLE SOLUTE 
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KINETIC PROFILE FOR THE SORPTION OF 4-METHOXYBENZOIC ACID
AND ETHYL 4-AMINOBENZOATE FROM J000ml OF SINGLE AND BINARY SOLUTE 
SOLUTION AT pH 2.32 ( 0.5M IONIC STRENGTH ) AND 30° ON TO 1.0 gramme
OF ACTIVE CARBON. INITIAL CONCENTRATIONS GIVEN IN KEY BELOW.
KEY; #  ETHYL 4-AMINOBENZOATE 5 x 10“ ^M SINGLE SOLUTE
O ETHYL 4-AMINOBENZOATE 5 x + 4-METHOXYBENZOIC ACID 10“ \
■ 4-METHOXYBENZOIC ACID J 0 ~ \  SINGLE SOLUTE













FIG 3.64  KINETIC PROFILES FOR THE SORPTION OF 4-METHOXYBENZOIC ACID 
AND ETHYL 4-AMINOBENZOATE FROM 3000ml OF SINGLE AND BINARY SOLUTE 
SOLUTION AT pH 2.32 ( 0 .5  M IONIC STRENGTH ) AND 30° ON TO NYLON 6 
COATED ACTIVE CARBON. SORBENT WEIGHT 3.0 gramme, INITIAL CONCENTRATIONS 
GIVEN IN KEY BELOW.
KEY; e  ETHYL 4-AMINOBENZOATE 5 x  ]0“ ^M SINGLE SOLUTE
-3  -3O ETHYL 4-AMINOBENZOATE: 5 x JO M + 4-METHOXYBENZOIC ACID 10 M
■ 4-METHOXYBENZOIC ACID; 1 0 " \  SINGLE SOLUTE












KINETIC PROFILES FOR THE SORPTION OF 4-NITROPHENOL
AND 4-METROXYBENZOIC ACID FROM 1000ml OF SINGLE AND BINARY SOLUTE 
SOLUTION AT pE 2 .32  ( 0 .5M IONIC STRENGTH ) AND 30° ON TO J.O  gramme 
OF ACTIVE CARBON. INITIAL CONCENTRATIONS GIVEN IN THE KEY BELOW
KEY: A
A
4-NITROPHENOL 5 x 10“ ^M SINGLE SOLUTE
4-NITROPHENOL: 5 x 10~^M 4-METHOXYBENZOIC ACID lO^^M
-3.4-METHOXYBENZOIC ACID 10 ""M SINGLE SOLUTE 
4-METHOXYBENZOIC ACID 1 0 ^ \  + 4-NITROPHENOL 5 x  J0“ \
275
red u ced . The co rrespond ing  p lo t  fo r  th e  coated  so rb en t shows th a t  
th e  r a t e  su p p re ss io n  exp erien ced  by 4 -n itro p h e n o l due to  th e  p resence  
o f  4 m ethoxybenzoic acid  i s  e f f e c t iv e ly  a b o lish ed  by th e  a p p l ic a t io n  
o f  th e  c o a t. The r a t e  p r o f i l e  of 4-m ethoxybenzoic ac id  rem ains 
sup p ressed  a f t e r  a p p l ic a t io n  of th e  c o a t .  (F ig u re  3 .6 6 ) .
F u ll  ta b le s  of k in e t ic  d a ta  fo r  th e  s o rp t io n  of th e  model 
s o lu te s  by bo th  ty p es  o r  so rb en t from s in g le  and b in a ry  s o lu te  
s o lu t io n  a re  inc luded  in  Appendix 2.
3 .5  DIFHJSION STUDIES OF THE MODEL SOLUTES THROUGH NYLON 6 FILM.
The d i f f u s io n  and p e rm e a b ility  of s o lu te s  through a polymer 
may be determ ined from f i lm  p e rm e a b ility  method and th e  B a rre r  P lo t  
d isc u sse d  in  S e c tio n  1 .6 .1 .1 .  The d i f f u s io n  and p e rm e a b ility
c o e f f ic ie n t s  of 4 -n it ro p h e n o l ,  4-m ethoxybenzoic ac id  and 4-am ino- 
b en zo a te  were de term ined , u s in g  a n o n -o r ie n te d  nylon  6 f i lm , a t
30° and pH 2 .3 2  (0.5M io n ic  s t r e n g th ) .
3 .5 .1  D e term in a tio n  of B a r re r  P lo t .
P e rm e a b ility  c e l l s  of an  a l l  g la s s  c o n s tru c t io n  were u sed , 
which c o n s is te d  of a donor and re c e p to r  compartment sep a ra ted  by a 
n y lon  6 f i lm , a s  shown in  f ig u r e  3 ,6 7 . The two compartments were 
t i g h t l y  clamped to g e th e r  a f t e r  l i g h t ly  sm earing th e  flan g e  of each 
c e l l  w ith  Apiezon T g re a se  to  p rov ide  a w a te r - t ig h t  s e a l .  The 
s o lu t io n s  in  each compartment were s t i r r e d  by a l l  g la s s  paddle 
s t i r r e r s  a t  500 rpm s h a f t  speed .
The donor and r e c e p to r  s o lu tio n s  and th e  assem bled ap p ara tu s  
w ere e q u i l ib ra te d  to  tem p era tu re  in  a w a te r  b a th  b e fo re  each 
experim en t. The s o lu t io n s  w ere th en  poured s im u ltan eo u sly  in to  
t h e i r  re s p e c tiv e  com partm ents, a t  th e  same r a t e ,  to  avoid undue 
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FIG 3.$& KINETIC PROFILES FOR THE SORPTION OF 4-NITROPHENOL AND 
4-METHOXYBENZOIC ACID FROM J000ml OF SINGLE AND BINARY,SOLUTE SOLUTION 
AT pH 2.32  ( 0.5M IONIC STRENGTH ) AND 30° ON TO 1.0 gramme OF NYLON 6 
COATED.ACTIVE CARBON. INITIAL CONCENTRATIONS GIVEN IN KEY BELOW.
KEY: A 4-NITROPHENOL 5 x lO’ ^M SINGLE SOLUTE
A 4-NITROPHENOL 5 x 10‘ ^M + 4-METHOXYBENZOIC ACID 10"^M
4-METHOXYBENZOIC ACID 10” ^M SINGLE SOLUTE
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FIG 3.68 BARKER PLOTS FOR THE PERMEATION OF 4-NITROPHENOL, 4 -METHOXY­
BENZOIC ACID AND ETHYL 4-AMINOBENZOATE THROUGH A 30.82 ^  NON-ORIENTED 
NYLON 6 FILM AT 30° FROM AQUEOUS SOLUTION AT pH 2.32 (0.5M IONIC STRENGTH)
KEY: 4-NITROPHENOL (INITIAL CONCENTRATION 5 .08  x 10"& )
-3,■ ETHYL 4-AMINOBENZOATE ( INITIAL CONCENTRATION 5.01 x 10 M) 
O 4-METHOXYBENZOIC ACID ( INITIAL CONCENTRATION 1.01 x 10“ ^M)
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s o lu t io n  of th e  a p p ro p r ia te  s o lu te  and th e  re c e p to r  s o lu t io n  was th e  
b u f f e r  s o lu t io n  w ith o u t s o lu te .
The donor s o lu te  s o lu t io n  was a s s i e d  sp e c tro p h o to m e tr ic a lly  
p r i o r  to  th e  commencement of th e  experim ent to  e s t a b l i s h  th e  i n i t i a l  
c o n c e n tra tio n  of th e  s o lu te .  4 ml sam ples of th e  r e c e p to r  s o lu t io n  
w ere removed a t  in te r v a ls  of tim e f o r  im m ediate assay  and w ere th en  
re tu rn e d  to  t h a t  compartment in  o rd e r to  m a in ta in  th e  r e c e p to r  phase 
volume th r o u ^ o u t  th e  ex p erim en ta l d e te rm in a tio n . The perm eatio n  
p ro c e ss  was allow ed to  co n tin u e  u n t i l  s te a d y - s ta te  c o n d itio n s  had 
been  reached in d ic a te d  by th e  p re sen ce  of a t  l e a s t  te n  d a ta  p o in ts  
on th e  B a rre r  P lo t  vdiich la y  on a s t r a i g h t  l i n e .  Sink c o n d itio n s  
w ere e s s e n t i a l ly  m ain ta ined  th roughou t th e  experim ent by m a in ta in in g  
th e  re c e p to r  s o lu t io n  c o n c e n tra tio n  below 1% of th a t  in  th e  donor 
com partm ent.
P rev ious s tu d ie s  w ith  blown nylon 6 f ilm s  have in d ic a te d  th a t  
le ac h in g  of su b s tan ces  from th e  membrane does n o t occur to  an e x te n t 
where e r ro r s  a r e  in tro d u ced  in to  th e  sp ec tro p h o to m etr ie  assay  and 
t h a t  mass t r a n s f e r  v ia  p in h o le s  does n o t o c cu r . (Ho. 1977).
3 .5 .2  Membrane T hickness and Compartment Volumes.
The th ic k n e s s  of th e  n y lon  6 f i lm  was determ ined  by su b d iv id in g  
2
th e  membrane in  1cm a re a s  and th e  f i lm  th ic k n e s s  in  each a re a  
measured u sin g  an e le c t r o n ic  m icrom eter (Ho 1977). The th ic k n e ss  
o f th e  f i lm  determ ined from th e  sum of 25 random d e te rm in a tio n s  of 
th e  s ix  membranes used in  th e  s tudy  was 30.82 pm (S.D 0.65pm ).
I t  h as been  shown th a t  th e r e  i s  no s ig n i f ic a n t  d if f e r e n c e  
betw een th e  mean th ic k n e s s  of a blown f i lm  of n o n -o r ie n t ed nylon  6 
(Ho, 1977) and th a t  wet and dry f ilm  th ic k n e sse s  a re  a lso  n o t 
s ig n i f ic a n t ly  d i f f e r e n t  fo r  ny lon  6 membranes (Ho 1977).
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The c a p a c ity  and p erm eation  a re a  of each c e l l  w ere a lso  determ ined ,
th e  l a t t e r  from th e  in te r n a l  c ro s s  s e c tio n a l  d iam eter measured
a t  fo u r  p o in ts  on th e  c ircu m feren ce  of th e  a p e r tu re  of each h a lf
c e l l .  The mean v a lu e  f o r  th e  a re a  of th e  h a l f  c e l l  of s m a lle s t
- 3  2  -3  2
a re a  was determ ined  to  be 8.15x10 N (S .D .0.004x10 m , A*»4).
A volume of 1 .8fw as used in  each c e l l  th r o u ^ o u t  th e  d e te rm in a tio n s .
T reatm en t of R e s u l ts .
B a r re r  p lo t s  of s o lu te  mass in  th e  r e c e p ta r  compartment v e rsu s
tim e w ere c o n s tru c te d  f o r  each experim ent and th e  d a ta  co rrespond ing
to  th e  s te a d y - s ta te  re g io n  subm itted  to  a l i n e a r  le a s t- s q u a re s
r e g r e s s io n  a n a ly s is  by com puter. The s tead y  s t a t e  s lo p es  of th e
B a r re r  p lo t s  fo r  4 -n it ro p h e n o l ,  4-m ethoxybenzoic ac id  and e th y l  4 -
am inobenzoate a r e  shown in  f ig u r e  3 .6 8  and th e  co rrespond ing
r e g r e s s io n  d a ta  i s  g iv en  in  ta b le  3 .4 8 .
Comparison of th e  s lo p e s  f o r  each s o lu te  u s in g  a t - t e s t
in d ic a te s  th a t  th e  r e p l i c a t e  d e te rm in a tio n s  of th e  B a rre r  p lo t  were
s a t i s f a c t o r i l y  re p ro d u c ib le . Comparison of th e  s lo p es  of th e
B a r re r  p lo t s  shows th a t  4 -n itro p h e n o l h a s  a much h ig h e r  perm eation
- 3
r a t e  th a n  e th y l  4-am inobenzoate from a nominal 5x10 M s o lu t io n .
The r a t e s  of perm eation  of e th y l 4-am inobenzoate from t h i s
- 3
c o n c e n tra t io n  and 4-m ethoxybenzoic ac id  from a 10 M i n i t i a l  
c o n c e n tra t io n  a re  s im i la r ,  th e  l a t t e r  hav ing  a s l i g h t ly  slow er r a t e .  
The la g - tim e , D and P v a lu e s  a re  summarised in  ta b le  3 .4 9 . Table 
3 .49  in d ic a te s  t h a t  th e  d i f f u s io n  c o e f f ic ie n t s  f o r  th e  th re e  s o lu te s  
a l l  have a s im ila r  o rd e r  of m agnitude, how ever, 4 -n itro p h e n o l has 
a v a lu e  of D which i s  approx im ate ly  20% low er th a n  th e  o th e r  two 
s o lu te s ,  which have s im i la r  v a lu e s . The P v a lu e s  e s ta b l i s h  th e  
rank  o rd e r  of p e rm e a b ility  as fo llo w s .











































































































o  d•H (Ü 
•Md üt—l *H 
O) 44-1 M 4W  ^ 0) O O O U
e n i p p










7 3  d  d  O
d  "H  M  tH
d  >  X•p 0) M-4




d  1—1 
73 O  0) I
M  *H  o -  d
d  P  O  p
7 3  d  tH  s
d  *H w o o  
d  >  o
p  Q) p  1-4
w  Q  o  X
5
0) 2  P.0O





p  p  














0 0 <T\ OV Ov <y\
(3\ o \ o v  Ov <y> <ys
<3N C7N Ov Ov <y> o v
O O O  O o o
281
















e n m U 7
O e n
O O 1-4
o v O o  o v o mo\ 0 0 p  p o o
o o o  o o o
o v O m  o
OV 0 0 o  p 0 0
v O
o v C3V v O  vO




















p N dB d X3




X i B P
p 1 CJ



















































































































o  <r vo m \ om m(7\ o\
m en o  oes













3 .6  SOLUBILITY DETERMINATIONS OF THE MODEL SOLUTES IN AQUEOUS 
SOLUTIONS.
The ap p ara tu s  used f o r  d e te rm in in g  th e  s o l u b i l i t i e s  of th e  
model s o lu te s  i s  shown in  f ig u r e  3 ,6 9 . About 30ml of b u f fe r  
s o lu t io n  was p laced  in  th e  in n e r  v e s s e l  to g e th e r  w ith  an ex cess  
amount of s o lu te  to  en su re  t h a t  a s a tu ra te d  s o lu t io n  would e v e n tu a lly  
r e s u l t .  The w a te r in  th e  o u te r  v e s se l was su p p lied  from a 
therm os t a t  te d  w a te r  b a th . The c i r c u la t in g  w a te r in  th e  o u te r  
v e s s e l  was ra is e d  to  70° f o r  1 h o u r, and allow ed to  e q u i l ib r a te .
The tim e in te r v a l  of 1 hour has been  p re v io u s ly  shown to  be 
s u f f i c i e n t  f o r  e q u i l ib r a t io n  (R ichardson  1973). Samples of th e  
siq>ernatant s o lu tio n s  of e th y l 4—am inobenzoate and 4-m ethoxybenzoic 
a c id  were removed v ia  a s i n t e r  tube (No.3 p o ro s ity )  which was 
p reh ea ted  to  th e  ex p erim en ta l te m p e ra tu re  to  avoid c r y s t a l l i s a t i o n  
o f  s o lu te  d u ring  sam pling . A s im i la r  method was adopted fo r  phenol 
and 4 -n itro p h en o l where p h en o l-w a te r system s a t  a l l  tem p era tu res  
and 4 -n itro p h e n o l-w a te r  system s a t  h ig h e r  tem p era tu re  formed two 
im m iscib le  l iq u id  la y e r s .  In  b o th  case s  th e  iç p e r ,  so lv en t r ic h  
la y e r  was sam pled.
The sample s o lu t io n  was t r a n s f e r r e d  to  a ta re d  150ml ncm inal 
c a p a c ity  g la s s ,  stoppered  f la s k  which con tained  e x a c tly  50ml of 
a n a ly t ic a l  b u f f e r .  A fte r  in t r o d u c t io n  of th e  sam ple, th e  f l a s k  
was reweighed and th e  r e s u l t in g  s o lu t io n  was a s s i e d  sp ec tro p h o to ­
m e tr ic a l ly .  The d e n s ity  of th e  s a tu r a te d  s o lu t io n  was a lso  
d e te rm in ed , to  enable th e  m olar c o n c e n tra tio n  of th e  s a tu ra te d  
s o lu t io n  to  be c a lc u la te d  from th e  sample w eigh t, and sp e c tro p h o to -  
m e tr ic  a ssay . Two r e p l i c a t e  d e te rm in a tio n s  of th e  s o lu b i l i ty  of 
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10°-40° a re  g iven  in  ta b le  3 .5 0  as  mole f r a c t io n  and shown p lo t te d  
a s  V a n 't H off iso c h o re s  in  f ig u r e  3 .7 0 .
T reatm ent of R e s u lts .
I f  th e  s o lid  and s o lu t io n  phases in  e q u ilib r iu m  a t  th e  s a tu r a t io n  
s o l u b i l i t y  a re  exp ressed  w ith  re s p e c t to  th e  s ta n d a rd  s t a t e  of u n i t  
mole f r a c t io n  th e  f r e e  energy change a s s o c ia te d  w ith  d is s o lu t io n  
i s  g iv en  by e q u a tio n  3 .1 1 .
a G  =  - R T  In X   (3 .11 )
s
where aG° = th e  s ta n d a rd  f r e e  energy of th e  d is s o lu t io n  
s
p ro cess
X » th e  mole f r a c t i o n  of s o lu te  in  s a tu ra te d
s o lu t  io n
R = th e  gas c o n s ta n t
T = a b so lu te  te m p e ra tu re .
F ig u re  3 .7 0  shows th a t  th e  p lo t s  of lo g  s o lu b i l i t y  v e rsu s  re c ip ro c a l
a b so lu te  tem p era tu re  were l i n e a r  and th e  d a ta  was subm itted  to  a
l i n e a r  le a s t- s q u a re s  r e g re s s io n  a n a ly s is .  The slo p e  of th e  Van*t
oHoff p lo t  was used to  o b ta in  aH , th e  s tan d a rd  en th a lp y  a s s o c ia te d  
w ith  th e  d is s o lu t io n  p ro c e ss  (e q u a tio n  1 .9 ) .  The s tan d a rd  •
en tro p y  was th e n  o b ta in ed  from (Gibb*s e q u a tio n  1 .1 1 ) .
Thermodynamic d a ta  f o r  th e  s o lu b i l i t y  o f th e  fo u r  model s o lu te s  i s  
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4 . 1  SINGLE SOLUTE SORPTION BEHAVIOUR..
4 .1 .1  THE MORPHOLOGICAL and PHYSICAL CHARACTERISTICS
o f  th e  NYLON 6 POWDER and GRANUIAR ACTIVE CARBON.
4 .1 .1 .1  Nylon 6 Powder.
S o lven t e x tr a c t io n  o f th e  ny lon  6 powder sam ple, u s in g  w ater
and 95% v /v  e th a n o l, did n ot r e v e a l th e  p resen ce  o f s ig n i f ic a n t
amounts o f u lt r a  v i o l e t  ab sorb in g  contam inants such as sy n th e t ic
m o d ifie r s  or monomers (S e c t io n  2 . 6 . 2 . 2 ) .  The absence of a stro n g
band a t  870 cm iu  th e  in fr a -r e d  a b so rp tio n  spectrum of th e
powder fu r th e r  in d ic a te s  th a t  th e  amount of unreacted  monomer in
th e  sample was sm all ( f ig u r e  2 .1  ) .  The su r fa c e  a reas o f th e
60 mesh 60 -  120 mesh and sub 120 mesh powder sam ples were found
t o  be 5 .1 ,  3 .7  and 4 .3  m g"^ r e s p e c t iv e ly ,  a s  determ ined by krypton
gas a d so rp tio n  (S e c t io n  2 .6 .2 .5  ) .  These v a lu es  su g g est  th a t  th e
n y lon  6 powder sample has a low a d so rp tiv e  ca p a c ity  as compared to
a c t iv e  carbons which have v a lu e s  of su r fa c e  areas in  e x c e ss  o f 1000 
2 - 1
m g • As th e se  th ree  v a lu e s  rep resen t such sm all su r fa ce  areas  
and no r e la t io n s h ip  betw een su r fa c e  area  and p a r t ic l e  s iz e  i s  
apparent, th e  d if fe r e n c e s  in  th e  v a lu e s  probably r e f l e c t  erro rs  in  
th e  d eterm in ation  and a r e , a s  such, n o t s ig n i f i c a n t .  The low v a lu e s  
o f  su r fa c e  area  in d ic a te  th a t  m olecu lar s i z e  p ores (m icropores) are  
n o t p r e se n t . T h is c o n c lu s io n  i s  supported by d ata  from th e
-2
mercury porosim etry study which showed low pore volum es of 7 .1  x 10
3 —1 -2 3
cm g and 4 .1  x 10 cm g fo r  th e  60 mesh and sub 60 mesh s i z e  
f r a c t io n s  r e s p e c t iv e ly .  The pore s i z e  d is t r ib u t io n  in  th e  ny lon  6 
powder shows th a t about 11% of i t s  pore volume i s  in  th e  upper 
t r a n s it io n a l  p ore  r e g io n  and 89% in  th e  macro pore r e g io n . The 
porograms fo r  th e  sam ples of nylon  6 appear to  l e v e l  out as they  
approach th e  a b s is s a  ten d in g  to  become p a r a l le l  to  i t .  (F igure 2 .5  )
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T his in d ic a te s  th a t  th e  p ore network does not extend in to  th e  
m icropore s iz e  range, which c o n f l i c t s  w ith  th e  scanning e le c tr o n  
m icroscope s tu d ie s  of R ichardson (1973) su g g e stin g  th a t  nylon  6 
powder, formed by p r e c ip it a t io n  from form ic acid  s o lu t io n ,  was 
h ig h ly  porous in  n a tu re ,
- 3
The d en s ity  of th e  ny lon  6 powder was found to  be 1 .1 7  g cm 
determ ined by a helium  d isp lacem ent method, corresponding to  a 
c r y s t a l l i n i t y  of approxim ately 50 -  60% (E n cycloped ia  of Polymer 
S c ie n c e ) .  The c r y s ta l  l i n i t y  of nylon  i s  g e n e r a lly  h igh  due to  th e  
a b i l i t y  of th e  polymer ch a in s to  form hydrogen bonds w ith  one a n oth er . 
The ex ten t of c r y s ta l  l i n i t y  i s  a ls o  a f fe c te d  by o th er  environm ental 
fa c to r s  such as tem perature and p h y s ic a l s t r e s s  (Lord 1974). T his  
tru e  d e n s ity  v a lu e  would s u g ^ s t  th a t  th e  c r y s ta l  l i n i t y  o f  th e  
sample i s  m oderately  low . R ichardson (1973) rep orted  a low v a lu e  
o f  10-15% c r y s t a l l in i t y  fo r  ny lon  6 powder produced by th e  same 
m ethod. The in fra red  spectrum  shows th a t  th e  n y lon  6 powder c o n s is t s  
o f  th e  Oi form to g e th e r  w ith  th e  5 form (R ichardson 1973). The 
v i s c o s i t y  average m olecu lar w eigh t of th e  60 mesh powder was found  
to  be 26 ,9 0 0  which i s  s im ila r  to  v a lu e s  of 2 8 ,9 0 0  and 32 ,800  determ ined  
fo r  ny lon  6 by R ichardson (1 9 7 3 ).
Scanning e le c tr o n  m icroscopy s tu d ie s  showed th a t  th e  su r fa ce  o f th e  
powder was h ig h ly  convolu ted  resem bling th e  appearance of co ra l a s  
d escr ib ed  by R ichardson (1973) (p la te  4 .1 ) .
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P la te  4 .1  N ylon 6 Powder x 815 M a g n ific a tio n  ( *-
100pm
I t  would appear, th e r e fo r e ,  th a t  th e  n y lon  6 powder used in  
th e s e  s tu d ie s  c o n s is t s  of a ch em ic a lly  pure, non porous, h ig h ly  
c r y s t a l l in e  m a te r ia l th a t  h as a su r fa c e  area  o f about 4 m^g”  ^ and a 
v i s c o s i t y  average m olecu lar w eig h t of about 2 7 ,0 0 0 .
4 .1 .1 .2  A ctiv e  Carbon.
No s ig n i f i c a n t  amount of u l t r a v i o l e t  absorb ing s p e c ie s  were 
found a f t e r  e x tr a c t io n  w ith  w ater and 95% v /v  aqueous eth an ol 
(S e c t io n  2 . 7 . 3 . 1 ) .  The su r fa c e  area  o f th e  carbon i s  extrem ely  
h igh  and i s  of th e  order of 1200 -  1500 m^g  ^ as measured by n itr o g e n  
gas and benzene vapour a d so rp tio n  (S e c t io n  2 . 7 . 1 ) .  The pore volume 
measured by mercury p orosim etry  was 0 ,2 6 9  cm g  ^ which i s  fou r  tim es  
th a t  of th e  n y lon  6 powder and s u g g e s ts  th a t  t h i s  sorbent i s  h ig h ly  
porous in  n a tu re . Of t h i s  t o t a l  pore volume th a t  can be measured by 
th e  p e n e tr a t io n  of th e  m ercury, 50% was p resen t in  th e  macropore 
r e g io n  and 20% in  th e  t r a n s i t io n a l  pore r e g io n . The pore s i z e
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P la te  4 .3  A c tiv e  Carbon x 662 M a g n ifica tio n . ( )---------------------------- )
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d is t r ib u t io n  fo r  a c t iv e  carbon gran u les ( f ig u r e  2 .7  ) shows an
in te r c e p t  on th e  a b s c is s a  in d ic a t in g  th a t th e sorbent i s  m icroporous 
i n  natu re.
H eats of w ettin g  and s a tu r a t io n  vapour uptake data  show th a t  no 
m olecu lar  s ie v e  e f f e c t  i s  p resen t up to  a m olecu lar w eig h t o f 1 5 3 ,8  
(S e c t io n  2 .7 .3 .2 ) .  The h ig h e s t  model s o lu t e  m olecu lar w eigh t used  
i n  t h i s  study was th a t fo r  e th y l  4-am inobenzoate which has a v a lu e  of
1 65 .2  and i t  i s  th e r e fo r e  u n lik e ly  th a t th e  so r p tio n  o f model s o lu te s  
w i l l  be in flu en ced  by s i z e  e x c lu s io n  p r o c e s s e s .
P la te s  4 .2 ,  4 .3  and 4 .4  show scanning e le c tr o n  m icrographs o f th e  
su r fa c e  of th e  a c t iv e  carbon g ran u les m agn ified  66 , 662 and 2 1 ,9 0 0  
tim es r e s p e c t iv e ly .  Under low m a g n if ic a tio n  th e  p a r t ic le  shape i s  
seen  to  be ir r e g u la r  w ith  d i s t in c t  f l a t  fa c e s  and ed g es. The su r fa c e  
i s  f is s u r e d  and i s  p erfora ted  by h o le s  approxim ately 180 pm in  
d iam eter  to g e th e r  w ith  sm a ller  p i t s .  The sm all p i t s ,  which are  th e  
p r in c ip a l su r fa c e  f e a tu r e  a t  tim es 66 m a g n if ic a tio n  a re  seen  a t  tim es  
662 m a g n if ic a tio n  to  be sm all f i s s u r e s  approxim ately 20 pm in  d iam eter . 
The h ig h er  m a g n if ic a tio n  photo m icrographs a ls o  show th a t  a c e r ta in  
amount of su r fa ce  d e b r is  i s  p resen t as sm all ir r e g u la r  shaped p a r t i c l e s .
4 .1 .2  THE CHARACTERISATION of the SORPTION PROPERTIES o f NYLON 6 
and ACTIVE CARBON.
4 . 1 .2 . 1 .  Nylon 6 .
4 .1 .2 .1 .1  The E quilibrium  S o rp tio n  of th e  Model S o lu te s .
S o rp tio n  s tu d ie s  were ca rr ied  out in  50 ml stoppered  c o n ic a l
f la s k s  and a llow ed  to  e q u il ib r a te  in  a th erm osta tted  shaking w ater  
b ath . The tem perature f lu c tu a t io n  over th e  tem perature range used 
(7 -7 0 °) was ± 0 .2 ° .  A minimum e q u il ib r a t io n  tim e of 2 hours was used  
throughout as e q u il ib r a t io n  was ach ieved  w ith in  one hour fo r  a l l  of
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th e  model s o lu te s  ( ta b le  3 .7 ) ,  R ichardson (1973) has shown
p r e v io u s ly  th a t  th e  s o r p t io n  of e th y l 4-am inobenzoate frcm aqueous
s o lu t io n  by n y lon  6 powder was rap id ; maximum uptake occu rrin g
w ith in  2-3  m inutes in  a s t ir r e d  system .
The gen era l experim ental method used to  o b ta in  so r p tio n
isoth erm  data  was v a lid a te d  by stu d y in g  th e  in te r a c t io n  o f e th y l
4-am inobenzoate from aqueous s o lu t io n  by nylon  6 powder. F igure
3 .6  shows a t y p ic a l  isotherm  which i s  l in e a r  over th e  co n cen tra tio n
range stu d ied  (0 -  6x10 M). The r e s u l t  of su b je c t in g  th e  isotherm
d ata  to  a le a s t - s q u a r e s  r e g r e s s io n  a n a ly s is  i s  shown in  ta b le  3 .9 .
The in te r c e p t  spans th e  o r ig in  w ith in  ± two standard d e v ia t io n s  and
th e  c o r r e la t io n  c o e f f i c i e n t  i s  g r e a te r  than 0 ,9 9 0 . These two
c r i t e r i a  were d efin ed  by R ichardson (1973) fo r  th e  assignm ent of
type isotherm  behaviour to  a so r p t io n  system . The s lo p e  of th e
-1
iso th erm , th e  K v a lu e , was 18 .6  1 Kg and t h i s  compares to  a mean
-1
v a lu e  from th r e e  d eterm in ation s of 19 .4  1 Kg reported  by
R ichardson (1 9 7 3 ). In  m ost c a se s  of so r p tio n  from s in g le  s o lu te
s o lu t io n s  of th e  model compounds, th e  above c r i t e r ia  fo r  type
l in e a r i t y  were m et. S evera l system s gave r i s e  to  isotherm s vdiich
did  not span th e  o r ig in  w ith in  ± two standard d e v ia t io n s . For
in s ta n c e , th e  so r p t io n  o f e th y l 4-am inobenzoate on to  0 ,4  gramme
o f  n y lon  6 powder over an i n i t i a l  co n cen tra tio n  range of 0 -  5x10 M
-4  -1
gave an in te r c e p t  o f 3 .0 6  x 10 mol Kg and a standard d e v ia t io n  
-4  -1o f  1 .3 4  X 10 mol Kg , As th e  in te r c e p ts  were alw ays sm all 
compared to  th e  lo w est observed v a lu e s  of uptake i t  was considered  
th a t  th e s e  system s were o f type although n o t s t r i c t l y  f u l f i l i n g  
th e  c r i t e r ia  of R ichardson .
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The s o r p t io n  o f e th y l 4-am inobenzoate has been shown to  be in flu en ced  
by many fa c to r s  such as pH, io n ic  s tr e n g th  and tem perature (Ho 1977, 
R ichardson  19 7 3 ). The so r p tio n  system s were th e r e fo r e  c a r e fu l ly  
c o n tr o lle d  w ith  r e sp e c t  to  th e s e  p h ysicoch em ica l f a c t o r s .  S orp tion  
iso th erm s o f e th y l 4-am inobenzoate were determ ined u sin g  O .lg , 0 .2 g ,  
and 0 .4 g  of ny lon  6 powder (BS 60 mesh s ie v e  s i z e ) .  The isotherm s  
w ere a l l  o f type and t h e ir  s lo p e s  were n o t s ig n i f i c a n t l y  d if f e r e n t  
( ta b le  3 .9 ) .  S im ila r ly , th e  iso therm s determ ined u sin g  0 .2 g  o f nylon  
6 powder of p a r t ic le  s iz e  fr a c t io n s  > 60 mesh, 60-120 mesh and 
<  120 mesh d id  n o t have s ig n i f i c a n t ly  d if f e r e n t  K v a lu e s  ( ta b le  
3 .1 0 ) .  The so r p tio n  isotherm  fo r  e th y l 4-am inobenzoate from aqueous 
s o lu t io n  was, th e r e fo r e , l in e a r  and independent o f p a r t ic le  s i z e  and 
s o r b e n t - s o lu t io n  volume r a t io .  The K v a lu e  f u l ly  and unambiguously 
d e s c r ib e s  th e  s o r p t io n  eq u ilib r iu m , a t  con sta n t tem perature and 
s p e c if ie d  c o n d itio n s  of s o lu t io n  com p o sitio n .
E arly  s tu d ie s  on th e  so r p tio n  o f weak arom atic e l e c t r o ly t e s  by 
polyam ides gave r i s e  to  sev era l c o n f l i c t in g  r e p o r ts  on th e  type of 
isotherm  o b ta in ed . Severa l workers reported  L isotherm  behaviour  
( C h ip a lk a tt i,  1954 ; Guess e t  a l  1962; Kapadia e t  a l  1964; Kim e t  a l  
1959) w hereas o th ers  have reported  type beh av iou r. The e x te n s iv e  
s tu d ie s  of R ichardson (1973) and Ho (1977) u s in g  both  nylon  6 powder 
and a range of polyam ide f ilm s  showed th a t  th e  in te r a c t io n  w ith  e th y l 
4-am inobenzoate gave l in e a r  C typ e  iso therm s in  a l l  c a s e s .  The 
so r p t io n  o f p h en o l, e th y l  4-am inobenzoate and 4 -m ethoxybenzoic acid  
from b u ffe r e d  aqueous s o lu t io n  a l l  gave r i s e  to  l in e a r  type  
iso th erm s ( f ig u r e s  3 .9 ,  3 .7  and 3 .8  r e s p e c t iv e ly )  over th e  co n cen tra tio n  
range s tu d ie d . type isotherm  behaviour i s  g e n e r a lly  taken  to  
in d ic a t e  th a t  th e  s o lu t e s  are p e n e tr a tin g  th e  polymer m atrix  a s  th e
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a v a i l a b i l i t y  o f th e  in te r a c t io n  s i t e s  appears to  remain con stan t  
and independent of th e  amount of s o lu te  p r e v io u s ly  adsorbed.
G ile s  (1974) has d escr ib ed  a model which may account fo r  such C type  
b eh a v io u r . The model d e f in e s  an adsorb ing su r fa ce  w ith  an e f f e c t iv e  
"area" \d iich  expands by m atrix polym er chain  d isen tan glem en t under 
th e  in f lu e n c e  of th e  p e n e tr a tin g  s o lu te  m o le c u le s . The r a te  o f  
a d so rp tio n  i s  independent of th e  a v a ila b le  area  of su b s tr a te  a t  any 
g iv e n  tim e as each m olecu le g en era te s  new in te r a c t io n  s i t e s  as soon  
a s  i t  i s  adsorbed. The r a te  o f d e so r p tio n , o r  removal o f th e  
s o lu t e  m olecu le from i t s  so r p tio n  s i t e ,  w i l l  be p ro p o rtio n a l t o  th e  
area  of th e  su b s tr a te  covered by th e  s o lu te  \d iich  i s  in  turn  
p ro p o r tio n a l t o  th e  u p take . T h is can be q u a n tif ie d  a s  fo llo w s :
R ate of a d so rp tio n  = k C    (4 .1 )a eq
R ate of d e so r p tio n  = k n   (4 .2 )
d
k^ = th e  a d so rp tio n  r a te  co n stan t
where k^ = th e  d eso rp tio n  r a te  con stan t
C = th e  eq u ilib r iu m  co n cen tra tio n  of s o lu te
eq
in  th e  l iq u id  phase  
n = th e  eq u ilib r iu m  uptake of th e  s o lu te
A1 eq u ilib r iu m
k C = k n   (4 .3 )
a eq d
and
n « k   (4 .4 )
— a —
C k ,eq d
E quation 4 .4  i s  id e n t ic a l  in  form to  eq u ation  1 ,7  thus th e  
c h a r a c t e r is t ic  "K" v a lu e  i s  th e  r a t io  of th e  a d so rp tio n  and 
d e so r p tio n  r a te  c o n s ta n ts .
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The d isen tan glem en t of th e  m atrix s tr u c tu r e  cannot co n tin u e  
in d e f in i t e ly  and a s i t u a t io n  can be envisaged  where th e  primary 
disen tan g lem en t a t  low s o lu t e  uptake can g iv e  way to  a secondary  
p r o c e s s . G ile s  (1974) con sid ered  th e  system  d escr ib ed  by eq u ation  
4 .4  to  be independent of th e  d isen tan g lem en t p ro cess  and th a t  th e  
r a te s  o f entanglem ent and d isen ta n g lem en t, should  they  become 
r a te  l im it in g  in  th e  o v e r a l l  so r p t io n  p r o c e ss , cou ld  in f lu e n c e  th e  
s o r p t io n  iso th erm , th e  o v e r a l l  p r o c e ss  can be d escr ib ed  th u s:  
where :
^ d ise n t ^a
S o lu te  ^ -------------------— —---------  In term ed ia te     S o lu te
[S o lu tio n ]  ^ S ta te  """ ‘ [adsorbed]
k k
r e -e n t  d
where : k , ,  = r a te  co n sta n t fo r  d isen tan g lem en td is e n t
k = r a te  co n sta n t fo r  re-en tan g lem en t
r e -e n t
k^ * a d so rp tio n  r a te  co n sta n t
k^ * d eso rp tio n  r a te  co n sta n t
A h o r iz o n ta l p la tea u  in  th e  isotherm  would su g g e s t  th a t  s a tu r a t io n  of 
th e  e n t ir e  area  capable of being d isen ta n g led  by th e  s o lu t e  has been
a d iie v e d . The d isen tan g lem en t of o th er  a rea s  then  proceeds e i th e r
i n f i n i t e l y  s lo w ly  or not a t  a l l .  T h is s i t u a t io n  i s  observed fo r  th e  
s o r p t io n  o f 4 -n itro p h en o l by n y lon  6 powder ( f ig u r e  3 .1 0 )  where a 
p la te a u  i s  seen  a t  an iç tà k e  o f about 2 mol Kg” ; th e  s o r p t io n  p r o f i l e  
f o r  t h i s  system  th e r e fo r e  corresponds to  type b eh av iou r. A lth o u ^  
many c a s e s  of type isotherm  behaviour have been reported  fo r
so r p t io n  by s y n th e t ic  polymers th ere  have been  few c a se s  o f Cg type
b eh av iou r. An example of th e  l a t t e r  i s  th e  a d so rp tio n  o f  w ater on to
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wool from b u ta n - l-o l (C h ip a lk a tti 1954). The so rp tio n  of e th y l
4-am inobenzoate and 4-methox y benzoic acid  over th e co n cen tra tio n
-1ranges stud ied  do not reach an uptake of 2 mol Kg which may 
account fo r  th e  absence of a p la te a u . I t  was n ecessary  to  use  
high  s o lu t io n  con cen trations and low sorbent w eigh ts to  o b ta in  
^2 type isotherm  behaviour, t h is  would probably be a lso  n ecessary  
t o  ob ta in  th e  same r e s u lt  fo r  e th y l 4-am inobenzoate and 4-m ethoxy- 
b en zo ic  acid  . This was not attempted fo r  th e se  two s o lu te s  which 
may account fo r  th e  absence of the p la teau  a t  the h igh er  l im it  
o f  uptake. Phenol, however, reaches an uptake of 3 ,5  mol Kg  ^
and th e  isotherm  r e ta in s  i t s  type c h a r a c t e r is t ic s .  I t  may be, 
th e r e fo r e , th a t  phenol in te r a c ts  more s tro n g ly  w ith  th e ny lon  6 
m atrix a llow in g  i t  to  p en etra te  r i i o n s  of the polymer which 
a re  in a c c e ss ib le  to  4 -n itro p h en o l.
The nature of th e  in te r a c t io n  mechanism between organ ic s o lu te s  
and polyam ides has been th e su b ject of sev era l rep o rts  in  th e  
l i t e r a t u r e .  These in te r a c t io n s  may in vo lve io n ic  a t t r a c t io n s .
Van der Waals* fo r c e s  or hydrogen bond form ation . Io n ic  fo r c e s  are  
u su a lly  in vo lved  when th e io n ised  form or organ ic a c id s  and b ases  
a re  sorbed by polamides by in te r a c t io n  w ith  the amino and c a rb o x y lic  
end-groups in  the polymer (Myagkov, 1956). lij im a  and Sekeido  
(1962) have p o stu la ted  th a t a c id ic  dyes such as orange I cou ld  
in te r a c t  w ith  the polyamide by both io n ic  and hydrogen bond form ation . 
Berg and coworkers (1965) suggested  th a t th e  uptake of organ ic a c id s  
such as form ic acid  only  in v o lv e s  fo r c e s  of th e  Van der Waals* ty p e , 
a mechanism which has a lso  been a ttr ib u ted  to  the in te r a c t io n  of 
ch lo rb u to l w ith  nylon 6:6 (Berg e t  a l 1965).
Kapadia and h is  c o lle a g u e s  in v e s t ig a te d  th e  in te r a c t io n  of a number
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of 4-hydroxybenzoate d e r iv a t iv e s  and proposed th a t  th e s e  s o lu te s  
formed very weak hydrogen bonds w ith  th e  amide groups in  th e  polymer 
which were th en  s t a b i l i s e d  by Van der Waals fo r c e s  (Kapadia 1964 ). 
L a ter  work by R ichardson (1973) proposed th a t  th e  so r p tio n  of e th y l  
4-am inobenzoate by nylons may a ls o  be r e la te d  to  th e  sw e llin g  o f th e  
m atrix  by w a ter .
The in te r n a l s tr u c tu r e  of th e  n y lon  6 m atrix c o n s is t s  of reg io n s  
o f  amorphous and c r y s t a l l in e  s tr u c tu r a l arrangement in  which th e  
e x te n t  of hydrogen bonding i s  sm all and g r e a t , r e s p e c t iv e ly .  
H ydration  o f th e  amorphous areas of th e  m atrix occu rs by th e  
form ation  o f t ig h t ly  bound lo o s e ly  bound and c a p il la r y  condensed  
w ater (P u ffr  and Sebenda 1 9 6 7 ). Furtherm ore, c h e m ic a lly , th e  
m atrix  c o n s i s t s  o f p o la r  and n on -p o lar reg io n s which correspond to  
th e  lo c a l  r e la t iv e  abundance of amide groups and m ethylene ch a in s. 
T hese a re  th e r e fo r e  th ree  p o s s ib le  mechanisms o f b in d in g  which 
a r i s e  from th e s e  c o n s id e r a t io n s .
1 . A s o lu t e ,  unable to  form hydrogen bonds d ir e c t ly  w ith  th e  
polym er, may a s s o c ia t e  w ith  th e  hydrophobic reg io n s p resen t  
by th e  form ation  o f weak Van der Waals' f o r c e s .
2 .  S o lu te  m o lecu les  \d iich  are  capable of form ing weak hydrogen  
bonds w ith  th e  polym er, but are  unable to  d is p la c e  bound w ater  
from th e  amide lin k a g e s , may form an a s s o c ia t io n  w ith  t h is  
bound w a ter . In t h i s  ca se  so r p tio n  o f th e  s o lu te  would 
depend upon th e  degree of h yd ra tion  o f th e  m a tr ix .
3 . D ir e c t  a s s o c ia t io n  o f a s o lu te  w ith  th e  polyam ide can a r is e  in  
two ways. A s o lu t e  capable of form ing m oderately stron g  
hydrogen bonds cou ld  d is p la c e  lo o s e ly  and t ig h t ly  bound w ater  
from th e  amide groups in  th e  amorphous r i i o n s  of th e  m atrix
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and hydrogen bond d ir e c t ly .  A s tro n g  in te r a c t io n  would be 
favoured in  t h i s  c a s e . I f ,  however, th e  s o lu te  was n o t capable  
o f  form ing s u f f i c i e n t l y  stron g  hydrogen bonds to  break th e  
in te r c h a in  hydrogen bonds in  th e  polym er, a c c e ss  to  h ig h ly  
c r y s t a l l in e  reg io n s would n o t occur and so r p tio n  would probably  
c e a se  w ith  th e  p resen ce  o f a p la tea u  in  th e  iso th erm . A ccess to  
th e  c r y s t a l l in e  r i i o n s ,  due to  th e  a b i l i t y  of th e  s o lu te  to  
break in te r c h a in  hydrogen bonds in  th e s e  areas of th e  m atrix  
would r e s u l t  in  even tu a l p la s t i c i z a t io n  and d is s o lu t io n  o f th e  
polym er.
The so r p tio n  and d eso rp tio n  isotherm s fo r  a weak organ ic  
e l e c t r o ly t e  such as e th y l 4-am inobenzoate by n y lon  6 powder have 
been  shown p r e v io u s ly  to  be n ot s ig n i f i c a n t ly  d i f f e r e n t  (R ichardson  
1 9 7 3 ). The so r p tio n  and d eso rp tio n  isotherm s fo r  phenol and 4 -  
n itro p h en o l are  a ls o  n o t s ig n i f i c a n t ly  d if f e r e n t  ( ta b le  3 .1 3 ) .
T h is  would in d ic a te  th a t  th e  so r p tio n  p ro cess  i s  r e v e r s ib le  and 
does not in v o lv e  ch em isorp tion .
A c lo s e  c o r r e la t io n  betw een so r p tio n  and th e  percen tage of 
th e  s o lu t e  in  th e  u n io n ised  form h as been found by R ichardson  
(1973) and Ho (1 9 7 7 ). T h is i s  r e f le c t e d  in  th e  data  obtained  
in  t h i s  study fo r  th e  so r p tio n  of e th y l 4-am inobenzoate from 
s in g le  and b inary s o lu te  s o lu t io n .  The changes in  th e  so r p tio n  
K v a lu e  and io n is a t io n  are  shown in  ta b le  4 ,1  where i t  can be 
se e n  th a t  th e  e x te n t of so r p tio n  changes in  resp on se to  th e  s t a t e  
o f  io n is a t io n .  As th e  co n cen tra tio n  o f s p e c ie s  in  th e  u n ion ised  
form in c r e a se s ,  so r p tio n  d ecrea ses  su g g e stin g  th a t  io n ic  
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fo r  e th y l 4-am inobenzoate was obtained  a t  30° and an io n ic  s tren g th  
o f  0.5M (pka = 2 ,5 7 ;  R ichardson (1 9 7 3 ), th a t  fo r  4-me thoxybenzo ic  
a cid  was n o t co rrected  fo r  tem perature and io n ic  s tr e n g th ,
(pka = 4 .4 7  ; A lb er t and Sergeant 1 9 7 1 ). The a p p lic a t io n  o f t h i s  
u n corrected  pka v a lu e  may account fo r  th e  lower d egree o f co in c id en ce  
fo r  th e  4-m ethoxybenzoic acid  p ercen tage  change v a lu e s  fo r  so r p tio n  
and th e  p ercen tage o f s p e c ie s  in  th e  u n ion ised  form. The pH 
dependence of th e  K v a lu e  cannot be r y a r d e d  as d ir e c t  ev id en ce  of 
hydrogen bond form ation  betw een s o lu t e  and polym er as i t  has been  
shown th a t  th e  so r p t io n  of a lk y l  4-hydroxybenzoate d e r iv a t iv e s  by 
p o ly e th y le n e , a n on -p o lar polym er, i s  a lso  a t  a maximum \dien th e  
s o lu t e  i s  f u l ly  u n io n ised  in  th e  l iq u id  phase. An approxim ately  
in v e r se  l in e a r  r e la t io n s h ip  has been shown to  e x i s t  betw een th e  
logioK  v a lu e  on th e  n y lon  6 sorbent and th e  log^^ s o lu b i l i t y  fo r  
s t r u c tu r a l ly  r e la te d  compounds in c lu d in g  4 - s u b s t itu te d  b en zo ic  a c id s  
and t h e ir  e th y l e s t e r s  (R ichardson 1973), and s u b s t itu te d  
a c e t a n i l id e s  (Ward and Upchurch, 1 9 65 ). T his su g g e s ts  th a t  th e  
mechanism o f th e  in te r a c t io n  betw een th e  s o lu te  and polymer i s  
s im ila r  w ith in  th e  g iv en  s e r ie s .  From ta b le  4 .2 ,  i t  i s  seen  th a t  
a lt h o u ^  th e  s o lu b i l i t y  o f 4 -n itro p h en o l and phenol i s  10-100  
tim es g r e a te r  than fo r  e th y l 4-am inobenzoate and 4-m ethoxybenzoic  
a cid  a t  pH 2 .3 2 ,  th e  K v a lu e s  are o f th e  same order of m agnitude.
T h is s u g g e s ts  th e r e  i s  a d if f e r e n t  in te r a c t io n  mechanism betw een  
n ylon  6 and th e  two phenols from th a t  betw een th e  polymer and e th y l  
4-am inobenzoate and 4-m ethoxybenzoic a c id . S tu d ies  on th e  s o lu b i l i t y  
dependence of th e  so r p t io n  p ro cess  have shown th a t  th e  4-hydroxy  
d e r iv a t iv e  of a s e r ie s  of 4 - s u b s t itu te d  b en zo ic  acid  d e r iv a t iv e s  
h as a.much h ig h er  a f f i n i t y  fo r  ny lon  6 than  would be p red ic ted  from
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s o lu b i l i t y  c o n s id e r a t io n s  (R ichardson, 1973).
The s o lu b i l i t y  and K v a lu e s  can be r e la te d  to  one another u sin g  
th e  fo llo w in g  r e c t i l i n e a r  r e la t io n s h ip  :
lo g  K = - 0 .3 3  log^gS + 0 .4 4 6   ( 4 .6 )
where K * th e  so r p tio n  con stan t  
S = aqueous s o lu b i l i t y  
which was found to  be v a lid  fo r  th e  s e r ie s  4 — Br, -  NOg, “  OCH ,^
-  COCEg, -  CN , -  F b en zo ic  a c id s .  Table 4 .3  shows th e  
observed and p r e d ic te d  K v a lu e s  fo r  th e  model s o lu te s  u sin g  eq u ation  
4 .6 .  I t  can be seen  th a t  e th y l 4-am inobenzoate and 4-m ethoxybenzoic  
a re  reason ab ly  c l o s e  to  th e  p red ic te d  v a lu e s , however, th e  p h en o lic  
d e r iv a t iv e s  appear t o  have a s ig n i f i c a n t ly  h ig h er  a f f i n i t y .  T h is  
to g e th e r  w ith  th e  o b se r v a tio n  th a t  phenol i s  a so lv e n t  fo r  nylon  6 
s u g g e s ts  th a t  phenol and 4 -n itro p h en o l may be ab le  to  form s p e c i f i c  
hydrogen bonds w ith  th e  amide groiq>s o f nylon  6 .
Table 4 .2  A f f in i t y  C onstant, K, fo r  th e  S o rp tion  of Model S o lu te s  
by N ylon 6 Powder and S o lu b i l i t y  a t  3 0 ° .




D ev ia tio n
S o lu b il i t y  
a t  3 0 ° (M)
2 .3 2
e th y l 4-am ino­
b en zoate




2 9 .2 0 .3 1 .5 0 X 10
io ” ^°4 -n itro p h en o l 4 2 .3 0 .9 1 .39 X
phenol 11 .6 0 .3 7 .84 X 1 0 -1 °
3 .4 4 e th y l 4-am ino- 
b en zoate
2 2 .3 0 .6 7 .4 0 X 10"^c 
-3  c
4-m ethoxybenzo ic  
acid
2 8 .1 0 .8 1 .6 3 X 10 °
a S o lu b i l i t y  d a ta  obtained  by c a lc u la t io n  from data  of R ichardson  
and Meakin (1 9 7 4 ).  
b L ite r a tu r e  v a lu e  fo r  u n io n ised  4-m ethoxybenzoic acid  a t  pH 1 .0  
( io n ic  s tr e n g th  0.5M) (R ichardson 1973 ). 
c E xp erim en ta lly  determ ined .
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The in f lu e n c e  o f tem perature on the so r p tio n  of th e  model s o lu t e s  
fu r th e r  em phasises th e  d if fe r e n c e  in  th e  in te r a c t io n  mechanism.
The ex ten t of so r p tio n  g e n e r a lly  d ecrea ses  as tem perature r i s e s  
which corresponds to  a weakening of so l u t e -so rb en t bonding and 
in cr ea se d  s o lu b i l i t y  o f th e  s o lu te  in  th e  liq u id  so lv e n t  p h ase .
The so r p tio n  of a l l  fo u r  model s o lu te s  frcm s in g le  s o lu t e  s o lu t io n s  
d em onstrates t h i s  g en era l trend  ( f ig u r e s  3 .1 3  and 3 .1 7 )
Table 4 .3  Observed and P red ic ted  V alues of K fo r  th e  S o rp tion  
o f  th e  Model S o lu te s  on to  Nylon 6 u s in g  th e  S o lu b i l i t y  
R e la tio n sh ip  g iv en  in  Equation 4 .6 .




K v a lu e  1 Kg
P red icted
—1
K v a lu e  1 Kg
4 -n itro p h en o l 0 .139 4 2 .3 5 .4
phenol 0 .784 11 .6 3 .0
e th y l 4-am ino- 
b en zoate
1.05x10 9 .3 1 4 .1
4-me thoxybenzo ic  
acid
1.50x10 2 9 .2 2 3 .2
* pH 2 .3 2  ( io n ic  s tr e n g th  0.5M ); 30
The so r p tio n  of e th y l 4-am inobenzoate and 4-m ethoxybenzoic acid  showed 
a change in  th e  s lo p e  of th e  Van*t H off is o  chore a t  about 40°
( f ig u r e  3 .1 3  ) .  D is c o n t in u it ie s  have been reported  p r e v io u s ly  fo r
th e  so r p tio n  of e th y l 4-am inobenzoate from a 0.5M potassium  c h lo r id e  
s o lu t io n  by n y lon  6 powder (R ichardson, 1973) and th e  perm eation o f  
w ater (M osicek 1976) and e th y l 4-am inobenzoate through n ylon  f ilm s  
(Ho, 19 7 7 ). The changes in  s lo p e  of th e  Van*t H off iso ch o res
r e f l e c t  a lower s o lu t e  a f f in i t y  above 40 than would be p red ic ted
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from an e x tr a p o la t io n  o f th e  iso c h o r e  determ ined below 4 0 ° . T his  
su g g e s ts  th a t  th e  so r p t io n  p ro cess  i s  changing in  natu re p o s s ib ly  
due to  reg ion s of th e  polymer m atrix becoming im penetrab le to  th e  
s o lu t e  m o le c u le s . Ho (1977) has a ttr ib u te d  t h i s  behaviour to  
th erm a lly  induced phase t r a n s it io n s  in  th e  polymer a f f e c t in g  th e  
n a tu re  of th e  so r p tio n  in t e r a c t io n .  The e x te n t o f hydrogen bonding 
w ith in  th e  m atrix i t s e l f  i s  in crea sed  as th e  polymer i s  heated  
above 45° and t h i s  e f f e c t  has been dem onstrated to  in f lu e n c e  th e  
so r p t io n  o f e th y l 4-am inobenzoate in  ly lo n s  6 , 11 and 12 (Ho 1977 ).
The Van*t H off iso c h o r e s  fo r  phenol and 4 -n itro p h en o l do n o t  
show th e  p o in t o f in f le x io n  c h a r a c te r is t ic  of th e  b en zo ic  acid  
d e r iv a t iv e  so r p tio n  sy stem s, and a re  l in e a r  over th e  tem perature  
range stu d ied  ( f ig u r e  3 .1 7 ) .  T h is may be due to  th e  p h en o lic  
compounds p la s t i c i z in g  th e  polymer r e s u lt in g  in  a s h i f t in g  of 
th e  t r a n s i t io n  in f le x io n  to  a much low er tem perature (R off 1 9 7 1 ).
T h is  cou ld  be exp la in ed  by th e  a b i l i t y  o f p h en o lic  compounds to  
form stron g  hydrogen bonds w ith  th e  polym er, thus in te r f e r in g  w ith  
th e  c o n s o lid a t io n  of in t e r  and in tr a c h a in  hydrogen bonds vdiich occurs  
a t  th e  tem perature o f th e  secondary phase t r a n s i t io n .  The la ck  of 
a d is c o n t in u ity  in  th e  is o  chore fo r  th e  so r p tio n  o f e th y l 4-am ino- 
b en zo a te  by n y lon  6 powder from eth an ol was a ttr ib u te d  to  th e  
a b i l i t y  of th e  s o lv e n t  to  p l a s t i c i z e  th e  nylon  m atrix  (R ichardson  
1 9 7 3 ).
E n th a lp ies  of so r p t io n , AH° so r p t io n , fo r  th e  in te r a c t io n  of 
v a r io u s s o lu te s  have been commonly used fo r  com parative purposes in  
an attem pt to  a s s ig n  th e  type of b ind ing mechanism op era tin g  to  b rin g  
about th e  so r p t io n  o f s o lu t e s .  The v a lu e s  of AH° so r p tio n  obtained  
fo r  variou s s o lu te s  are summarised in  ta b le  4 .4 .  The v a lu e s  obtained
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fo r  th e  model s o lu te s  in  t h i s  study are  a ls o  included  fo r  com parison.
o
C on sid era tio n  of the l i t e r a t u r e  AH so r p tio n  v a lu e s  and th e
proposed mechanisms shows th a t th e r e  i s  no c le a r  num erical trend to
d is t in g u is h  betw een p h en o lic  s o lu te s  thought to  form hydrogen bonds
and o th er  s o lu te s  con sid ered  to  b ind l e s s  s tr o n g ly . The AH° so r p tio n
v a lu e s  obtained  in  t h i s  study are  s im ila r  in  order of magnitude to
o
th o se  in  th e  l i t e r a t u r e .  I t  i s  th e r e fo r e  l i k e ly  th a t  th e  AH 
s o r p t io n  v a lu e s  cannot be used as a b a s is  fo r  d i f f e r e n t ia t in g  between  
so r p t io n  mechanisms. E f f e c t iv e  d eterm in ation  o f th e  en th a lp y  
a sso c ia te d  w ith  th e  so lu te -p o ly m er  in te r a c t io n  from so r p tio n  
experim ents r eq u ir es  se p a r a tio n  o f th e  s o lu te  d is s o lu t io n  e f f e c t s  
from th o se  o f th e  o v e r a l l  so r p tio n  p r o c e ss . One such method i s  
based on th e  H ess r e la t io n s h ip  o u tlin e d  in  th e  energy b a lan ce  
diagram below  (R ichardson, 1973).
^ ^^® (solid ) SO In  ^ s o lu t  io n ) ^ ^ s ô r p t lô n ^  DrugA (m atrix)
AH°
in te r a c t io n
I f  th e  standard s t a t e  i s  taken to  be u n it  m o la lity  fo r  th e  s o lu t io n  ; 
polymer e q u i l ib r ia  and u n it  mole f r a c t io n  fo r  th e  s o l id - s o lu t io n  
phase e q u i l ib r ia ,  th e  AH° in te r a c t io n  can be c a lc u la te d  from th e  
s lo p e s  of th e  V an't H off iso c h o r e s  fo r  th e  two p r o c e sse s  (eq u ation  
4 .7 ) .
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For d i lu t e  s o lu t io n s  th e  AH v a lu es  a re  p r o p o r tio n a l^ th e r e fo r e
summation can take p la c e  a l t h o u ^  th e  standard s t a t e s  are  not
c o n s is t e n t .  I t  i s  not p o s s ib le  to  c a lc u la t e  th e  AG° and AS°
fo r  th e  in te r a c t io n  p r o c e s s , however, because th e  standard s t a t e s
a re  n o t th e  same and b ecau se o f th e  n a tu re  o f th e  system-. I t  i s
n ot p o s s ib le  to  use th e  mole f r a c t io n  standard s t a t e  fo r  th e
c a lc u la t io n  o f th e  thermodynamic param eters a s so c ia te d  w ith  th e
so r p t io n  p r o c e ss , nor i s  i t  p o s s ib le  to  u se th e  m olal standard
s t a t e  fo r  th e  d is s o lu t io n  system . The AH° v a lu e s  fo r
in te r a c t io n
th e  model s o lu t e s  are  summarised in  Table 4 .5 .
Table 4 .5
-  N ylon 6 I n te r a c t io n .
^INTERACTION V alues fo r  th e  Model S o lu te





D e v ia tio n
phenol + 0 .1 0 .8
4 -n itro p h en o l + 14 .1 2 .3
e th y l  4-am inobenzoate + 3 0 .8  **
-1- 2 4 .2  ***
1.6
1.5
4-m ethoxybenzoic acid + 15 .2  ** 




S in g le  s o lu te  v a lu e s  
5° -  40°
*** 40° -  60°
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The a H° data in d ic a te  th a t th ere may be an en erg etic
in te r a c tio n
b a s is  fo r  d i f f e r e n t ia t in g  between th e  d if fe r e n c e  in  behaviour of
th e  phenolic and benzoic acid d e r iv a tiv e s . The AH° i s
in t e r a c t io n
r ^ r e s e n t a t iv e  of an im aginary p ro cess  where th e  s o l id  s o lu t e ,  in
i t s  standard s t a t e ,  i s  e f f e c t i v e ly  ‘'d isso lv ed "  in  th e  polymer
m atrix . The AH° va lu es are, th ere fo re , an approximate
in te r a c tio n
m easure o f th e  energy a s so c ia te d  w ith  th e  in te r a c t io n  betw een th e
m atrix  and th e  s o lu t e  m o lec u le s . I t  i s  apparent th a t  l e s s  h ea t i s
req u ired  to  " d isso lv e"  phenol in  th e  nylon  m atrix than th e  o th er  fou r
s o lu t e s .  I t  i s  p o s s ib le  th e r e fo r e  th a t  a stron g  hydrogen bond can
form w ith  v ir t u a l ly  no o v e r a l l  en th alp y  change. T h is i s  n o t th e
c a s e , however, when weak hydrogen bonding s o lu te s  in t e r a c t .  The
v a lu e  of + 1 4 .1  KJ mol  ^ fo r  th e  AH° o f 4 -n itro p h en o l
in te r a c t io n
i s  more d i f f i c u l t  to  e x p la in . T h is s o lu t e  behaves l ik e  phenol
when th e  n atu re o f th e  V an't H off iso c h o r e  i s  con sid ered  but th e
en th a lp y  of in t e r a c t io n  su g g e s ts  th a t i t s  beh av iou r, in  t h is  c a se ,
i s  more l i k e  th a t  of th e  two b en zo ic  acid  d e r iv a t iv e s .  A p o s s ib le
e x p la n a tio n  i s  th a t  4 -n itro p h en o l may bind by a dual mechanism
which in v o lv e s  both  th e  hydroxyl and th e  n itr o  group. I t  i s
apparent from th e  AH° of phenol th a t hydrogen bond
in t e r a c t io n
form ation  does not g iv e  r i s e  to  a f i n i t e  enthalpy change. I t  i s ,
o -1
th e r e fo r e , p o s s ib le  th a t  th e  AH . o f + 14 .1  KJ molin te r a c t io n
i s  due to  a secondary weaker b in d in g  mechanism. A dual b in d in g  
mechanism would a ls o  be c o n s is te n t  w ith  th e u n u su a lly  h igh  K v a lu e  
f o r  th e  s o r p t io n  of 4 -n itr o p h e n o l.
4 . 1 .2 . 1 .2  The Dynamic S o rp tion  of th e  Model S o lu te s  in  N ylon 6 .
The d eterm in a tio n  of param eters a s so c ia te d  w ith  th e  r a te  of
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mass tr a n s fe r  in  nylon  6 i s  of fundamental im portance to  th e  
o v e r a l l  c h a r a c te r is a t io n  o f th e  so r p t io n  in t e r a c t io n .  I t  was 
a ls o  n ecessary  to  study th e  r a te  o f mass tr a n s fe r  w ith in  nylon  6 
f i lm  to  a id  th e  in te r p r e ta t io n  o f th e  s o r p t io n  o f s o lu te s  on to  
n y lo n  6 coated  a c t iv e  carbon (S e c t io n  3 . 5 ) .  As th e  in te r a c t io n  o f  
phenol w ith  ny lon  6 coated  a c t iv e  carbon was n o t s tu d ie d , i t  was 
n o t in cluded  in  th e  assessm en t of f i lm  p e r m e a b ility . I t  has been  
shown p r e v io u s ly  th a t  th e  so r p tio n  o f s o lu te s  on to  ny lon  6 powder 
proceeds a t  a h igh  r a te  w ith  eq u ilib r iu m  b ein g  ach ieved  w ith in  
ap proxim ately  30 seconds a t  room tem perature (R ichardson 1 9 7 3 ). 
f i l m  p erm ea b ility  experim ents have been used to  study th e  mass 
t r a n s fe r  c h a r a c te r is t ic s  of nylon  6 w ith  r e sp e c t  to  e th y l 4-am ino- 
b en zo a te  (Ho 1977), and t h i s  method was s e le c t e d  to  determ ine th e  
s o r p t io n  c h a r a c te r is t ic s  of th e  n y lon  6 -  model s o lu te  system s  
used h e r e . The d i f f u s io n  c o e f f i c i e n t  was determ ined from th e  
B arrer p lo t s  fo r  th e  r a te  of appearance of s o lu te  in  th e  rec ep to r  
compartment o f th e  p erm ea b ility  apparatus (F igu re 3 .6 7 )  u s in g  
th e  la g -tim e  method (S e c t io n  1 . 6 .1 . 1 ) .  The p erm ea b ility  
c o e f f i c i e n t  was a ls o  c a lc u la te d  from th e  s t e a d y - s ta te  reg io n s  of 
th e  B arrer p lo t s  which e s ta b l is h e s  th e  rank order of p erm ea b ility  
a s  (Table 3 .4 9 );
4 -n itro p h en o l > 4-m ethoxybenzoic acid  >  e th y l  4-am inobenzoate  
The d i f f u s io n  c o e f f i c i e n t s ,  a ls o  shown in  ta b le  3 .4 9  in d ic a te  
th a t  th e  d if f u s io n  c o e f f i c i e n t s  of a l l  th r e e  s o lu te s  are  n ot  
s ig n i f i c a n t l y  d i f f e r e n t  a t  3 0 ° . I f  t h i s  i s  th e  ca se  and eq u ation  
1 .2 4  a p p lie s ,  th e  d if f e r e n c e  in  p erm ea b ility  can be accounted fo r  
by d if f e r e n c e s  in  th e  so r p tio n  c o n sta n ts .
where
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 ^ ^   (1 /2 4 )
P erm ea b ility  c o e f f i c ie n t
S orp tion  Constant
D if fu s io n  C o e f f ic ie n t
T h is can be te s te d  by c a lc u la t in g  P from eq u ation  1.24  and comparing 
i t  to  th e  v a lu e  obtained d ir e c t ly  from th e  Barrer p lo t .
Table 4 .6  Comparison of P erm ea b ility  C o e f f ic ie n t s  Obtained  
U sing E quation 1 .24  and from th e  B arrer P lo t .
S o lu te D
xlO^^M^sec ^
K*




Barrer P lo t
4 -n itro p h en o l 1 .09 4 2 .3 4 .6 1 4 .9 5
4-m ethoxybenzo ic  
acid
0 .9 0 29 .2 2 .6 3 3 .5 7
e th y l 4-am ino- 
b en zoate
0 .8 6 9 .9 0 .8 5 0 .7 7
* ny lon  6 powder
The p erm ea b ility  v a lu e s  c a lc u la te d  by th e  two methods appear to  agree  
reason ab ly  c lo s e ly ,  th e  p ercen tage d if fe r e n c e s  betw een th e P v a lu e s  
b e in g  25%, 8% and 2% fo r  4-m ethoxybenzoic a c id , 4 -n itro p h en o l and 
e th y l  4-aminob en zo a te  r e s p e c t iv e ly .  P revious s tu d ie s  have shown th a t  
d if f e r e n c e s  e x i s t  betw een th e  K v a lu e s  fo r  nylon  6 f i lm  and powder 
which have a ttr ib u te d  to  d if f e r e n c e s  in  c r y s t a l l in i t y  (R ichardson  
1 9 7 3 ). T his cou ld  account fo r  th e  d iscrepancy betw een th e  P v a lu e s  
determ ined by th e  two m ethods. I t  would appear th e r e fo r e  th a t the  
o v e r a l l  p erm ea b ility  may be p red ic ted  from th e  product o f th e  
d if f u s io n  c o e f f i c i e n t  and K v a lu e s  and th a t  any r e la t iv e  change in  
p erm ea b ility  a r i s e s  from th e  d if fe r e n c e s  in  th e  K v a lu e .
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4.1.2.2 ACTIVE CARBON.
4 . 1 .2 .2 .1  The E quilibrium  S orp tion  o f th e  Model S o lu te s  
by A ctiv e  Carbon.
The gen era l procedure used to  o b ta in  isotherm  data  was shown to  
be s a t i s f a c t o r i l y  rep rod u cib le  a l t h o u ^  th e  v a r ia b i l i t y  of th e  data  
appeared to  be g e n e r a lly  h ig h er  r e la t iv e  to  th e  iso therm s ob tained  
fo r  so r p tio n  on to  nylon  6 powder. I t  i s  l i k e l y  th a t  t h i s  v a r ia b i l i t y  
a r i s e s  from th e  o v e r a l l  n on-un iform ity  o f  th e  gran u les w ith in  a 
g iv en  batch  of a c t iv e  carbon r e s u lt in g  frcm th e  n a tu ra l o r ig in  of  
th e  m a te r ia l .  Severa l workers have reco g n ised  t h i s  problem and have 
m ille d  t h e ir  sam ples to  enhance th e  d egree o f u n iform ity  (Radke and 
P rau sn itz  1972b, Jossens e t  a l  1978). I t  has been shown, however, 
th a t  th e  m il l in g  p ro cess  in c r e a se s  th e  s p e c i f i c  su r fa c e  area  o f th e  
sorbent (Weber and M orris 1963), and would thus n ot a llo w  comparison  
w ith  th e  ny lon  6 coated  gra n u les .
The isotherm s fo r  a l l  th e  s o lu te s  were n o n -lin e a r  and o f th e  L 
type accord ing  to  G iles*  c l a s s i f i c a t i o n .  The isotherm s fo r  p h en o l, 
4-me thoxybenzo i c  acid  and e th y l 4-aminob enzo a te  were type in  
n atu re  w hereas th a t  fo r  4 -n itro p h en o l was o f type which i s  
c h a r a c te r ise d  by th e  p resen ce of a p la tea u  (F igu res 3 .2 2  -  3 .25  ) .
The a f f i n i t y  of th e  model s o lu te s  fo r  th e  a c t iv e  carbon was 
h ig h er  than fo r  th e  nylon  6 so r p tio n  system s although  th e  r a te  of 
atta in m en t of eq u ilib r iu m  was much low er. The h igh  c a p a c ity  o f th e  
adsorbent was th e r e fo r e  on ly  apparent a f t e r  approxim ately  th r e e  days 
u sin g  sh a k e -f la sk  experim ental c o n d it io n s . The n o n -lin e a r  n atu re of  
th e  isotherm s does not a llo w  t h e ir  c h a r a c te r is a t io n  by a s in g le  
so r p t io n  co n sta n t as w ith  th e  nylon  6 s o r p t io n  iso th erm s. S evera l 
m athem atical models have been developed  to  d e sc r ib e  n o n -lin e a r
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isotherm s which have been o u tlin ed  in  S e c tio n  1 .5 ,2 .1  • In order  
to  be ab le  to  compare th e  in te r a c t io n s  of th e  model s o lu te s  w ith  
a c t iv e  carbon th e  models used should  id e a l ly  m eet th e  fo llo w in g  
c r i t e r i a  :
1 . The model should  f i t  a l l  ty p es  of L iso th erm .
The c o n sta n ts  th a t  c h a r a c te r is e  th e  isotherm  should  be ab le  
to  be determ ined in d ep en d en tly  o f th e c o n cen tra tio n  range 
s tu d ie d .
2 . The c o n sta n ts  should  n u m erica lly  rep resen t p h y s ic a lly  
im portant fe a tu r e s  of th e in te r a c t io n  w hich, in  th e  ca se  of 
a c t iv e  carbon would be th e  a f f i n i t y  and ca p a c ity  fo r  a g iv en  
s o lu t e .
Three m odels were eva luated  fo r  t h e ir  a b i l i t y  to  d escr ib e  th e  non­
l in e a r  isotherm  d ata  ob tained  in  t h i s  study; th e  Langmuir, F reund lich  
and Radke equations ( 3 .8 ,  3 .9  and 3 .1 0  r e s p e c t iv e ly ) .  C onstants fo r  
th e  Langmuir and Freundlich  eq u ation s were determ ined by su b je c t in g  
th e  data to  a com puterised l in e a r  r e g r e s s io n  a n a ly s is  accord ing  
to  th e  rearranged forms g iv e n  below:
Langmuir : jL = + _1  ( 4 .8 )
n n .b.C  n
max eq max
Freundlich: log  = lo g  a + 1 lo g  C  (4 .9 )
n m =9
The isotherm  c o n sta n ts  were a ls o  determ ined u sin g  a n o n -lin e a r  
r e g r e s s io n  program, NONLIN (M etzler e t  a l  1974) which i s  based  
on a m od ified  Newton i t e r a t io n  tech n iq u e . The program i s  su p p lied  
w ith  e s t im a te s  o f th e  isotherm  co n sta n ts  and th e  model eq u a tio n  
to g e th e r  w ith  th e  experim ental d a ta . The program improves th e  
e s t im a te s  of th e  isotherm  c o n s ta n ts , u sin g  th e  p r in c ip le  of
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m inim ising  th e  d if f e r e n c e  of th e  sum of squared d e v ia t io n s  between  
th e  experim ental and b e s t - f i t  isotherm  p r o f i l e  d a ta . The f in a l  v a lu e  
o f  th e  sum of squared d e v ia t io n s  can be used to  determ ine th e  degree
o f  f i t  ach ieved  u sin g  a p a r t ic u la r  isotherm  m odel. The sum of
squared d e v ia t io n s  i s  d efin ed  in  eq u ation  4 .1 0 .
SSD = ] ]  (n -  n   (4 .1 0 )
exp c a lc
N
where ^exp ~ th e  experim ental uptake
n , = th e  v a lu e  of uptake c a lc u la te d  from th e  isothermc a lc
eq u a tio n  u sin g  c o n sta n ts  ob tained  fxcnn r e g r e s s io n  
a n a ly s is
N = th e  number o f experim ental d ata  p o in ts
SSD -  th e  sum of squared d e v ia t io n s
The sum of squared d e v ia t io n s  fo r  th e  F reundlich  and Langmuir equations  
a r e  g iv e n  in  ta b le  4 .1 0  u s in g  both r e g r e s s io n  te c h n iq u e s . The ta b le  
a ls o  in c lu d e s  c o n sta n ts  fo r  th e  Radke eq u ation  which i s  an 
i n t r i n s i c a l l y  n o n -lin e a r  fu n c tio n  and th e r e fo r e  cannot be rearranged  
t o  g iv e  a l in e a r  r e la t io n s h ip  from which th e  c o n sta n ts  may be 
d eterm ined .
T able 4 .4  shows th a t  th e  co n sta n ts  obtained  u sin g  d if f e r e n t  r e g r e s s io n  
methods y ie ld  d i f f e r e n t  v a lu e s  fo r  th e  sum of squared d e v ia t io n s .
T h is  probably a r i s e s  from th e  e f f e c t  of th e  rearrangem ent p rocess  on 
th e  error  a s so c ia te d  w ith  th e  experim ental d ata  p o in t s .  F igures
4 .1  and 4 .2  show th e  data  p lo t te d  accord ing to  eq u ation s 4 .8  and 4 .9  
r e s p e c t iv e ly  vh ere  i t  can be seen  th a t  th e  w e ig h tin g  o f th e  p o in ts  
changes a f t e r  rearrangem ent due to  a s p a t ia l  r e d is t r ib u t io n  of th e  
d a ta . In both  c a se s  data in  th e  low c o n c e n tr a tio n  r e g io n  i s  g iv en  
a h igh  w eigh t and a sm all degree of error  a s so c ia te d  w ith  th ese  data  
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c o n sta n ts . The E v ere tt  p lo t  was a ls o  t e s te d  which i s  a d e r iv a t iv e
o f  eq u ation  4 .8  obtained  by m u ltip ly in g  th r o u ^ o u t by C (E v ere tt
eq
1 9 64). W hile t h is  p lo t  improved th e  s p a t ia l  arrangement of th e  
d ata  r e s to r in g  th e  o r ig in a l sp acin g  of p o in ts ,  th e  f i t  was not  
s ig n i f i c a n t l y  d if f e r e n t  from th e p lo t  of eq u ation  4 ,8  as determ ined  
by th e  num erical v a lu e  o f th e  so r p tio n  c o n s ta n ts . I t  would appear, 
th e r e fo r e , th a t  tran sfo rm a tio n  o f th e  data r e s u l t s  in  th e  low d egree  
o f  f i t .  The u se  o f d ata  w ith ou t p r io r  rearrangem ent may th e r e fo r e  
be p r e fe r a b le  w ith  r e sp e c t to  th e  f i r s t  c r i t e r io n  o f "goodness o f  
f i t " ;  th e  sum of squared d e v ia t io n s  can be used to  determ ine how 
c lo s e  th e  f i t  i s  to  th e  experim ental d a ta . The r e g r e s s io n  
tech n iq u e which g iv e s  th e  lo w est v a lu e  of th e  sum o f squared 
d e v ia t io n s  w i l l  produce th e  most a ccu ra te  e s t im a te s  of th e  iso th erm  
co n sta n ts  fo r  a g iv en  m odel. S im ila r ly , th e  isotherm  model which  
g iv e s  r i s e  to  th e  lo w est v a lu e  of th e  sum of squared d e v ia t io n s  i s  
th e  m ost a ccu ra te  r e p r e se n ta t io n  of th e  isotherm  d a ta . Table 4 .4  
shows th a t  th e  isotherm  f o r  th e  4-m ethoxybenzoic acid  and phenol 
e q u i l ib r ia  are  f i t t e d  c lo s e ly  by a l l  th r e e  m od els. The L^isotherm  
o f  e th y l 4-am inobenzoate i s  s u c c e s s fu l ly  d escr ib ed  by th e  F reund lich  
and Radke equations but l e s s  w e ll  by Langmuir*s eq u a tio n . The 
d if fe r e n c e  in  th e  sum of squared d e v ia t io n s  betw een th e  l in e a r  and 
n o n -lin e a r  r e g r e s s io n  l in e s  i s  c le a r ly  i l lu s t r a t e d  fo r  th e  
d eterm in a tio n  o f th e  Langmuir isotherm  c o n s ta n ts . The F reun d lich  
eq u a tio n  s u c c e s s f u l ly  p r e d ic ts  L  ^ type behaviour in  a l l  ca se s  as  
would be expected  from a c o n s id e r a tio n  o f th e  s im i la r i t y  between  
th e  fu n c tio n a l form o f th e  eq u ation  and th e  gen era l shape of th e  L^ 
iso th erm . The F reund lich  eq u ation  does n ot however d escr ib e  th e  
L  ^ type behaviour o f 4 -n itro p h en o l which i s  c h a r a c te r ise d  by th e
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p resen ce  of th e  p la te a u , ag a in  as would be expected  from c o n s id e r a tio n  
o f  th e  n a tu re  of th e  eq u a tio n . A lth o u ^  the F reundlich  equation  
f i t s  th e  experim ental isotherm  data o f 4-m ethoxybenzoic acid  and 
phenol more c lo s e ly ,  th e  Radke eq u ation  appears to  be th e  most 
w id e ly  a p p lic a b le  model a s  th e  sum of squared d e v ia t io n s  i s  low fo r  
b oth  and type iso th erm s.
Table 4 .7  in d ic a te s  th a t  th e  Freundlich  and Langmuir eq u ation s do 
n ot com prehensively d e sc r ib e  L  ^ and L  ^ data fo r  4 -n itr o p h e n o l  
r e s p e c t iv e ly ,  however, th e  Radke eq u ation  d oes.
The second c r i t e r i a  proposes th a t th e  co n sta n ts  from th e  variou s  
isotherm  eq u ation s should  n u m erica lly  rep resen t some a sp ect of th e  
in t e r a c t io n ,  thus en ab lin g  a q u an ta tive  com parison o f th e  so r p tio n  
o f  th e  fo u r  model s o lu t e  e q u i l ib r ia .  Although th e  Freundlich  
eq u a tio n  f i t s  L  ^ type isotherm  data  s a t i s f a c t o r i l y ,  th e  equation  
i s  em p ir ica l and as such th e  co n sta n ts  have no s p e c i f i c  p h y sica l 
m eaning.
The Langmuir eq u ation  co n sta n ts  a re  d erived  from a c o n s id e r a tio n  o f
th e  Langmuir su r fa ce  model where th e  b' con sta n t i s  a fu n c t io n  of
s o lu te  a f f in i t y  and th e  n term , th e  ca p a c ity  o f  th e  sorbent fo r
max
a g iv en  s o lu t e .  As a l l  fou r model s o lu te  m o lecu les  are of
approxim ately  th e  same s i z e ,  th e  v a lu es  o f n would be expected
max
to  be s im ila r .  In  a l l  c a se s  th e  v a lu e s  of n determ ined were
max
reason ab ly  c o n s is ta n t  ranging from 3 .6 6  mol kg fo r  phenol to  
4 .6 2  mol Kg  ^ fo r  4 -n itro p h en o l (d ata  from th e  L  ^ isotherm  r e g io n ) .  
Comparison o f isotherm  data in  th e  L  ^ reg io n  by v is u a l  in sp e c t io n  
( f ig u r e  3 . 2 2  ) r e v e a ls  th a t  th e  rank order of a f f in i t y  of th e
fo u r  s o lu te s  fo r  a c t iv e  carbon i s  as fo llo w s  :
4*-me thoxybenzo i c  acid  > 4 -n itro p h en o l > e th y l 4-aminob enzo a te  > phenol
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A lth o u ^  th e  Langmuir eq u ation  i s  capable of r e so lv in g  th e  isotherm s  
f o r  th e  so r p tio n  of 4 -m ethoxybenzoic acid  and p h en o l, th e  rank order  
o f  a f f i n i t y  w ith  re sp e c t to  4 -n itro p h en o l and ethy1-4-am inob enzo a te  
i s  reversed  ( f ig u r e  3 .2 2  ta b le  3 .3 2 ) .  I t  would appear, th e r e fo r e ,  
th a t  w h i ls t  th e  Langmuir b* con stan t can d esc r ib e  th e  order of a f f i n i t y  
o f  w id e ly  d i f f e r e n t  iso th erm s, i t  cannot r e s o lv e  th o se  vdiich l i e  c lo s e  
t o  one a n o th er . I t  i s  a ls o  of in t e r e s t  to  n o te  th a t  th e  co n sta n ts  
fo r  th e Langmuir eq u ation  obtained  fo r  both  th e  L  ^ and Lg isotherm s  
o f  4 -n itro p h en o l a r e  s im ila r  and thus ap p aren tly  independent o f th e  
isotherm  range over which they were determ ined ( ta b le  3 .3 2  )•
The o th er  two isotherm  models did n ot e x h ib it  such b eh aviou r.
The Radke eq u ation  c o n s is t s  of th ree  c o n sta n ts  whose r e la t iv e  v a lu e s  
d eterm ine w hether th e  eq u ation  adopts a form which approxim ates to  
th e  Langmuir and F reundlich  equations ( s e e  S e c tio n  1 .5 ,2 .1  )•  As
th e  v a lu e  of th e  cons ta n t approaches z er o , th e  eq u ation  becomes 
Langmurian in  n atu re and can be r e la te d  to  th e  Langmuir eq u ation  as  
f  o l lows :
/? =  n ; when 7 = 0   (4 .1 1 )K — max
— =  b* ; when 7 = 0   ( 4 .1 2 ) .
/3
F urther c o n s id e r a t io n  o f th e  Radke eq u ation  r e v e a ls  th a t  a com parison  
w ith  th e  F reund lich  eq u a tio n  w i l l  a ls o  occur on ly  fo r  h ig h ly  a c t iv e  
carbons i . e .  when th e  Henry * s law con sta n t O' i s  la r g e  compared to  
th e  l3 co n sta n t and th e  7  co n sta n t i s  g r e a te r  than z e r o . T his can  
be seen  by r e w r it in g  th e  Radke eq u ation  ;
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1 = 1 + 1 /  .............................( 4 .1 3 ) .
n o c l
then  n — ^  ^  ; %dien OC » > ^ ...... .................(4 .1 4 )
and Y   ^ 0 
T h erefore when 0 ( » > ^and  ^ 0
13 ^  a.................................. ................... (4 .1 5 )
and y  — l/m ......................................................... (4 .1 6 )
Table 3 in d ic a te s  th a t  when f i t t e d  to  th e  L^isotherm  d ata , th e
Radke 7  con sta n t has a f i n i t e  v a lu e  between 0 and 0 .5 ,  su g g e st in g
th a t  some degree o f Freundlich  behaviour i s  b ein g  shown.
That Radke7  co n sta n t to g e th er  w ith  th e  o th er  c o n sta n ts  can
probably be used a s  an index o f isotherm  typ e w ith  r e sp e c t  to  G i le s ’
c l a s s i f i c a t i o n .  I t  i s  apparent from T ables 3 .3 1  , 3 .3 2  and 3 .3 3
th a t  a l th o u ^  th e  isotherm s fo r  4-m ethoxybenzoic acid  and phenol
appear to  be in  nature th e  Radke 7  co n sta n t su g g e sts  th a t  they
tend more towards type b eh av iou r. The type isotherm s o f 4-
n itrq p h en o l and e th y l 4-am inobenzoate have h ig h er  7  co n sta n ts  \Aiich
would in d ic a te  th a t  th e  isotherm s a re  in term e d ia te  between
( Y — 0) and (7 / — 0 .5 )  ty p e . In accordance w ith  eq u ation  4 .1 1
and 4 .1 2  th e  Langmuir n and b c o n sta n ts  fo r  4-m ethoxybenzoic acidmax
agree  w e ll  w ith  t h e ^  co n stan t a n d P ^  cons ta n t r a t io  (E quation 4 .1 1  
and 4 .1 2 )  o f  th e  Radke eq u a tio n .
In  c o n c lu s io n , th e  Radke eq u ation  would appear to  be th e  most 
g e n e r a lly  a p p lic a b le  isotherm  model w ith  r e sp e c t  to  t h i s  stud y  as  
i t  can assume th e  m athem atical fe a tu r e s  of both th e  Langmuir and 
F reundlich  eq u a tio n s . In so doing th e  n atu re o f th e  a f f i n i t y  and 
ca p a c ity  terms remain and a fu r th e r  term i s  added which appears to  
be u s e fu l in  c h a r a c te r is in g  th e  o v e r a l l  n atu re o f L typ e isotherm  
b eh av iou r. A lth o u ^  th e  F reund lich  and Langmuir isotherm  eq u ation s
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may be u s e fu l in  f i t t i n g  th e  s p e c ia l  ca ses  of and isotherm s  
r e s p e c t iv e ly ,  t h e ir  genera l a p p l ic a b i l i t y  appears to  be l im it e d .
As th e  Radke CX con stan t and th e  nylon  6 K v a lu e  a re  both  e s t im a te s  
o f  th e  Henry’ s law con sta n t fo r  a d so rp tio n  (Radke and P ra u sn itz  
1972a, R ichardson 1973), th e  a f f in i t y  o f  th e  s o lu te s  fo r  a c t iv e  
carbon and nylon  6 may be n u m erica lly  compared.
4 . 1 .2 . 2 .2  The Dynamics o f S orp tion  on to  A c tiv e  Carbon.
P relim inary s tu d ie s  of th e  e q u il ib r a t io n  tim e have shown th a t  
th e  so r p tio n  of th e  model s o lu t e s  by a c t iv e  carbon i s  s low , tak in g  
approxim ately  th r e e  days under co n d itio n s  o f low tu rb u len ce  in  th e  
shake f la s k  exp erim en ts. In many of th e  a p p lic a t io n s  o f sorbent  
m a te r ia ls  such as th e  removal of p o t e n t ia l ly  to x ic  m a te r ia ls  from 
body f lu id s ,  th e  so r p tio n  r a te  i s  o f g r e a t  im portance in  a s s e s s in g  
th e  e f f ic ie n c y  o f th e  so rb en t. The o v e r a l l  dynamics of th e  so r p tio n  
p r o c e ss  may be subdivided  in to  four p o s s ib le  r a te  c o n tr o l l in g  
p r o c e ss  a s  fo llo w s  :
1 . S o lu te  tra n sp o r t in  th e  bulk  s o lu t io n  to  th e  su r fa c e  o f th e  
d if f u s io n  la y e r  around th e  g ra n u les .
2 . F ilm  d if f u s io n  througji th e  con cen trated  s o lu t e  s o lu t io n  which  
forms a t  th e  so lu tio n -g r a n u le  in t e r fa c e
3 . Pore d if f u s io n  of th e  s o lu t e  th r o u ^  th e  so lv e n t  f i l l e d  pores  
to  a d so rp tio n  s i t e s  w ith in  th e  porous network
4 . A dsorption  from th e  s o lu t io n  p resen t in  th e  pore lumen to  th e  
s i t e  on th e  pore w a lls
To a s s e s s  th e  fa c to r s  in f lu e n c in g  th e  e x te n t  to  which th e  sorbent  
c o n tr o ls  th e  r a te  of uptake, a fundamental stu d y  o f  r a te s  of so r p tio n  
was ca rr ied  out under c o n d itio n s  of h igh a g i t a t io n  to  m in im ise th e  
e f f e c t  of bulk s o lu t io n  tra n sp o r t and f i lm  d i f f u s io n  on th e  k in e t ic s
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of so r p t io n . At s t ir r in g  speeds of 900 and 1000 rpm th e  k in e t ic s  
o f  so r p tio n  of 4 -n itro p h en o l were unchanged su g g estin g  th a t  r a te  
l im it in g  p r o c e sse s  in  th e  s o lu t io n  phase were e lim in a ted  and th a t  
th e  r a te  of so r p tio n  was being c o n tr o lle d  by th e  p o r o s ity  and 
so r p t io n  c h a r a c te r is t ic s  of th e  a c t iv e  carbon g ra n u les .
The k in e t ic  p r o f i l e  obtained  fo r  a g iv en  s o lu te  was t y p ic a l ly  
t r ip h a s ic  c o n s is t in g  of an i n i t i a l  r e g io n  of rapid so r p tio n  o f  
about 25 m inutes d u ra tio n , fo llo w ed  by a t r a n s it io n a l  r e g io n  where 
th e  r a te  slow ed , and a f in a l  stead y  s t a t e  r e g io n  ( f ig u r e  3 .4 4 ) .
A p o s s ib le  ex p la n a tio n  fo r  th e  t r ip h a s ic  p r o f i l e  a r i s e s  from a 
c o n s id e r a t io n  of th e  d is t r ib u t io n  of mass w ith in  th e  sorbent granule  
a s  a fu n c t io n  of tim e which i s  i l lu s t r a t e d  sc h e m a tic a lly  in  f ig u r e  
4 .3 .  When an a c t iv e  carbon granule comes in to  co n ta ct w ith  th e  bulk  
s o lu t e  s o lu t io n  a f i lm  o f so lu te  d evelop s j u s t  w ith in  th e  granule  
in  th e  p er ip h era l reg io n  which w i l l  be re fe rred  to  as th e  sub sp a ce .
As s o lu te  d i f f u s e s  in to  th e subspace, i t  i s  adsorbed ra p id ly  thus  
m ain ta in in g  a steep  co n cen tra tio n  g ra d ien t betw een th e  bulk s o lu t io n  
and th e  s o lu t io n  w ith in  th e pore lumen which i s  th e  l i k e ly  d r iv in g  
fo r c e  fo r  th e  so r p tio n  p r o c e ss . The sub sp ace co n cen tra tio n  a r is e s  
because s o lu t e  can e n te r  t h i s  reg io n  from th e  s o lu t io n  f a s t e r  than  
i t  can d i f f u s e  away towards th e  core o f th e  g ra n u le . The subspace  
th e r e fo r e  e f f e c t i v e l y  comes in to  eq u ilib r iu m  w ith  th e  bulk  phase  
s o lu t io n  a s t a t e  which w i l l  be m aintained as long a s  rapid so r p t io n  
o f  s o lu t e  c o n tin u e s . T his reg io n  o f th e  k in e t ic  p r o f i l e  i s  d escr ib ed
h.
by th e  t  p lo t  and r e la t iv e  r a te  co n sta n t (S e c t io n  1 .6 .2 ) .
Having a tta in e d  t h i s  p relim in ary  s t e a d y - s t a t e ,  where th e  o v e r a ll  
s o r p t io n  r a te  i s  c o n tr o lle d  by th e  r e la t iv e  r a te  of s o lu te  a r r iv a l  
in t o  and departure from th e  sub space in to  th e  co re , two fa c to r s
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1) I n i t i a l  C onditions
2) E stab lish m en t o f  Subspace 
C o n cen tra tion .
S tea d y -S ta te  -  Rapid S orp tion
Subspace
3) Subspace C oncentration  Decay
Non S tea d y -S ta te  -  T r a n s it io n a l  




4) Deep Pore C ontrol
S tea d y -S ta te  -  Slow S orp tion
5) E q u ilibr iu m .
SOLUTION- -GRANULE RADIUS-
F ig  4 .3  Schem atic R ep resen ta tion  o f  the R adial D is tr ib u t io n  o f  
S o lu te  W ithin the A ctiv e  Carbon Granule and S o lu tio n .
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change which a l t e r  the nature  of the system.  The subspace  
c o n c e n t r a t i o n  i s  maintained by the  r a t e  of  s o l u t e  a r r i v a l  e xc ee d in g  
t h e  r a t e  of depar ture .  As s o l u t e  i s  removed from s o l u t i o n  however,  
the  sub space  w i l l  a c q u ir e  s o l u t e  a t  a s low er  r a t e  due to  the  lower  
s o l u t i o n - s u b s p a c e  c o n c e n t r a t i o n  g r a d ie n t .  Secondly ,  as  the  
c o n c e n t r a t i o n  g r a d ien t  a c r o ss  the  radius  of the  granule  d im i n i s h e s  
due to s o l u t e  accumula t io n ,  th e  d i f f e r e n t i a l  c o n c e n t r a t i o n  between  
the  sub space  and the  core  w i l l  a l s o  be reduced.  As a r e s u l t ,  the  
high subspace  c o n c e n t r a t io n  decays  to  t h a t  of  the  granule  core  and 
the deep pore network assumes c o n t r o l  of the r a t e  of s o r p t i o n  u n t i l  
e q u i l i b r iu m  i s  a c h i e v e d .  The a d s o r p t io n  p r o c e s s  w i l l  t h e r e f o r e  have  
a g r e a t  i n f l u e n c e  on the o v e r a l l  r a t e  of s o r p t i o n .  Throughout i t s  
r a d i a l  d i f f u s i o n  i n t o  the  core ,  s o l u t e  i s  probably  c o n t i n u a l l y  
being  adsorbed and desorbed u n t i l  t h e  d i s t r i b u t i o n  of s o l u t e  adsorbed  
a t  e q u i l ib r iu m  i s  c o n s ta n t  a t  al 1 p o i n t s  a long  t h e  r a d i a l  d i s t a n c e .  
Th is  s o r p t i o n - d e s o r p t i o n  p r o c e s s  w i l l  a l s o  a s s i s t  in  m a in ta in in g  a 
high c o n c e n t r a t i o n  g rad ien t  between the  s o l u t i o n  in  the granule  
pores  c o n t a i n i n g  s o l u t e  f r e e  to  d i f f u s e  w i t h i n  the  granule  and t h a t  
i n  the  bu lk  s o l u t i o n .  I t  would be e x p e c te d ,  t h e r e f o r e ,  t h a t  a 
h i g h e r  r a t e  of s o r p t i o n  would occur in  more h i g h l y  a c t i v e  carbons .  
S e v e r a l  f a c t o r s  which have been shown t o  a f f e c t  the  r a t e  of  s o r p t i o n  
have been d i s c u s s e d  in  S e c t i o n  1 . 6 . 2 . 1 .  To e f f e c t i v e l y  q u a n t i f y  
t h e s e  e f f e c t s ,  two approaches have been s u g g e s te d  i n  the  l i t e r a t u r e .  
I f  the  k i n e t i c  p r o f i l e  i s  r e p l o t t e d  accord in g  to  t h e  s q u a r e - r o o t  
t ime r e l a t i o n s h i p ,  a r e l a t i v e  r a te  c o n s ta n t  can be c a l c u l a t e d  from 
t h e  s lop e  of the l i n e a r  p o r t io n  of the curve (Weber and Morris  1963) .  
F igu r e  3 . 4 5  shows t h a t  the i n i t i a l  l i n e a r  per iod  for  the  
s o r p t i o n  of 4 - n i t r o p h e n o l  extends over approx im ate ly  25 minutes
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and appears to  in te r c e p t  the a b s c is s a  thus g iv in g  an apparent " la g -  
time" v a lu e . W hile the t^ p lo t  i s  a u s e fu l com parative param eter,
Crank has su ggested  th a t mass tr a n s fe r  o f  s o lu te  in to  th e carbon  
granule occurs under the c o n tr o l o f a d if f u s io n  p r o c e s s . As such  
the r a te  o f  so r p tio n  should  be a sim ple fu n c tio n  o f  the co n cen tra tio n  
g rad ien t betw een the s o lu t io n  and the granule core and th e r e s is ta n c e  
to  d if fu s io n  o ffe r e d  by i t s  s tr u c tu r a l n a tu re . F ic k ’ s secnnd law  
should  th e r e fo r e  be obeyed and the d if fu s io n  p ro cess  r e sp o n s ib le  
fo r  determ ining the r a te  o f  d isappearance o f  the s o lu te  from s o lu t io n  
can be c h a r a c te r ise d  by a s in g le  param eter, the d if f u s io n  c o e f f i c i e n t  
(Equation 1 .1 5 ) .  Due to  th e h igh  a c t iv i t y  o f  the carbon th e  ad so rp tio n  
component o f mass tr a n s fe r  must be con sid ered  by m o d if ic a t io n  o f  P ic k 's  
second law . This m o d if ic a tio n  i s  r e fe r r e d  to  as th e co n serv a tio n  o f  
d if fu s in g  mass eq u ation  (Weber and Rumer 1965) as i t  in tro d u ces  a 
so r p tio n  r a te  term (Equation 1 .3 4 ) .
d c f -  D. d /  dc^ \  -  dM^  .............................(1 .3 4 )
d T  V d E ^
cwhere c^ = the co n cen tra tio n  o f  s o lu te  fr e e  to  d i f f u s e
t  = tim e
D = the d if fu s io n  c o e f f i c i e n t
i f  = uptake o f  s o lu te  i . e .  th a t which i s  adsorbed
and n ot fr e e  to  d if fu s e  
X = d is ta n c e
Equation 1 .3 4  d iv id e s  th e s o lu te  taken up in to  th a t fr e e  to  
d if fu s e  and th a t which i s  im m obilised  due to  a d so rp tio n . I f  
c o r r e c t ly  d efin ed  boundary co n d itio n s  are used to  s o lv e  eq u ation
1 .34  the r a te  a t which s o lu te  i s  removed from s o lu t io n  w i l l  be 
a fu n c tio n  o f D and the two or more isotherm  c o n sta n ts  used to
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ex p ress  th e  a d so rp tio n  component. In t h is  r e sp e c t th e  co n serv a tio n
o f  d if f u s in g  mass eq u ation  more c o r r e c t ly  d e sc r ib e s  th e  n atu re of
^ -,th e  in te r a c t io n  and should  be used in  p re feren ce  to  t  p lo t  methods 
and th e  approxim ate method o f T ien  and Thodos (Crank : P erson a l 
Communication). Crank (1956) developed  a method fo r  s o lv in g  eq u ation
1 .3 4  by th e  num erical a n a ly s is  tech n iq u e of s o lu t io n  by f i n i t e  
d if f e r e n c e s .  T h is method was su bseq u en tly  used by Weber and Rumer 
(1965) who p u blished  a computer program to  enable s im u la tio n  of 
k in e t ic  p r o f i l e s  vh ich  could  be used in  co n ju n ctio n  w ith  experim ental 
d a ta  to  o b ta in  D by curve m atching p roced u res. Crank was concerned  
w ith  mass tr a n s fe r  in  fib ro u s  sorb en ts  and although  Weber and Rumer 
used granular a c t iv e  caibons t h ^  to o  u t i l i s e d  th e  model fo r  th e  
f ib ro u s  so rb en t. The c a lc u la t io n  of D in  t h i s  study used th e  
computer program o f Weber and Rumer which was m odified  by r e p la c in g  
th e  f i n i t e  d if f e r e n c e  approxim ations and boundary c o n d it io n s  fo r  
s p h e r ic a l ra th er  than c y l in d r ic a l  d if f u s io n  media (Crank 1 9 5 6 ). A 
f u l l  l i s t i n g  of t h i s  program i s  g iv e n  in  Appendix 4 . The d if f u s io n  
c o e f f i c i e n t  i s  c a lc u la te d  as fo llo w s  : f i r s t l y  th e  ccmputer
program i s  su pp lied  w ith  th e  i n i t i a l  c o n d itio n s  of th e  experim ental
c o n d it io n s . These in c lu d e
1. The volume o f s o lu t io n
2 . The i n i t i a l  co n cen tra tio n  o f s o lu te
3 . The experim ental sphere radius of th e  g ra n u les .
4 .  The number o f gran u les in  th e  system .
5 .  The two Langmuir eq u ation  c o n s ta n ts .
The program i s  th en  su p p lied  w ith  th e  m athem atical d e t a i l s  fo r  th e
s o lu t io n  which are  :
1 . The number of s h e l l s  in to  which th e  granule i s  su b d iv id ed .
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F ig  4 .4 :  S im ulated Curve fo r  the S orp tion  o f  4 -n itro p h en o l 
by a Homogeneous Sphere w ith  I d e n t ic a l  S orp tion  C h a r a c te r is t ic s  
to  A ctiv e  Carbon from 1000ml o f S o lu tio n ; pH 2 .3 2  (0.5M io n ic  
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F ig  4 .5 :  Data fo r  the S orp tion  o f 4 -n itro p h en o l on to  2 .0
-3gramme o f  A c tiv e  Carbon from 1000ml o f  10 M S o lu tio n ; pH 2 .3 2  
( 0.5M Io n ic  S trength  ) a t  30° P lo t te d  as F r a c tio n a l R esid u a l 
C oncentration  vs Time.
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c a lc u la t io n
3. The increm ents of r  , th e  d im en sio n less  u n it  which
r e p r e se n ts  advancing tim e.
The program output produces a p lo t  o f p ercentage r e s id u a l
c o n c e n tr a tio n  v ersu s tim e increm ents of T . The output fo r  th e
s im u la tio n  o f th e  c o n d itio n s  of th e  experim ent in  which 4 -n itro p h en o l
i s  taken  up by 2 gramme of a c t iv e  carbon a t  30^ from 1000ml of a
10 M s o lu t io n  (pH 2 .3 2 ;  0.5M io n ic  s tr e n g th ) i s  shown p lo t te d  in
f ig u r e  4 .4 .  The corresponding ex p er im en ta lly  determ ined k in e t ic
p r o f i l e ,  a ls o  expressed  as percentage r e s id u a l c o n c e n tr a tio n  versu s
tim e , i s  shown in  f ig u r e  4 .5 .  I f  th e  i n i t i a l  c o n d it io n s  and th e
model are  an a ccu ra te  r e p r e se n ta tio n  of th e  tru e  s i t u a t io n  th e
sim u lated  p r o f i l e  and th e  experim ental p r o f i l e  should  be fu n c t io n a lly
_ 2
r e la t e d ,  d i f f e r in g  on ly  by an a b s c is s a  s c a le  fa c to r  o f D /a • By 
m atching th e  two cu rves, D can be c a lc u la te d  u sin g  eq u ation  (1 .3 3  )
T = D . t  ........................    (1 .3 3 )
—2
a
w here D * d if f u s io n  c o e f f i c ie n t  
2
a = th e  granule eq u iv a le n t sphere rad iu s
T s  sim ulated  tim e increm ents a t  g iv e n  p ercentage
r e s id u a l c o n cen tra tio n  
t  = experim ental tim es a t  g iv e n  p ercen tage r e s id u a l
c o n cen tra tio n .
V alues of D w ere c a lc u la te d  in  th e  i n i t i a l  and t r a n s it io n a l  r a te  
r i i o n s  o f th e  k in e t ic  p r o f i l e  by o b ta in in g  f i f t e e n  v a lu e s  and 
determ in ing  t h e ir  mean and standard d e v ia t io n .  F igure 4 .6  shows th e  
r e la t io n s h ip  between r  and tim e fo r  t h i s  4 -n itro p h en o l system . I f
th e  model sim u lated  th e  k in e t ic  s i t u a t io n  e x a c t ly ,  th e  p lo t  o f t
2 .









F ig  4 .6 :  The R e la tio n sh ip  between T and Time fo r  the  
S orp tion  K in e tic s  o f 4 -n itro p h en o l on to  A c tiv e  Carbon from
- 3.1000ml o f  a 10 M S o lu tio n  a t  pH 2 .3 2  (0.5M Io n ic  S tren gth ) 
and 30°
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The p lo t  in  f ig u r e  4 ,6  i s  c u r v e lin e a r  over the i n i t i a l  70 m inute 
p eriod  su g g e st in g  th a t  th e  system  behaves n o n - id e a lly  w ith  r e sp e c t  
to  th e  co n serv a tio n  o f d if fu s in g  mass eq u ation  (eq u a tio n  1 . 3 4  ) .  
T his n o n - id e a li ty  can probably be accounted fo r  by th e  h eterogen eou s  
n atu re of th e  d i f f u s io n  medium a r is in g  from th e  d if f e r e n t  pore s i z e  
ranges w ith in  th e  granule (S e c t io n  1 .3 .2  ) .  The s o lu t io n  to  th e
c o n se r v a tio n  of d if f u s in g  mass eq u a tio n  assumes th a t  th e  sorb en t  
i s  a s p h e r ic a l ,  homogeneous d i f f u s io n  medium whose a d sorp tion  
c h a r a c te r is t ic s  a re  uniform  th r o u ^ o u t  th e  s tr u c tu r e . The 
c a lc u la t io n  procedure u t i l i s e s  th e  Langmuir isotherm  eq u ation  
co n sta n ts  which a re  th em selv es  su b je c t  to  e r r o r . As th e  carbon i s  
n e ith e r  homogeneous w ith  r e sp e c t  to  both  d if f u s io n  and a d so rp tio n  
due to  th e  n atu re o f th e  porous netw ork, erro rs  may a r i s e  b ecau se  
o f t h i s  over s im p l i f i c a t io n .  The d i f f u s io n  c o e f f i c i e n t  m ust, 
th e r e fo r e , be regarded as  an average d i f f u s io n  c o e f f i c i e n t  which  
r e f l e c t s  th e  o v e r a l l  d i f f u s io n  c h a r a c t e r is t ic s  o f th e  sorbent and 
which may n o t , in  a l l  c a se s  n e c e s s a r i ly  be independent o f c o n d it io n s  
in  th e  s o lu te  s o lu t io n .
There a re  thus two methods by which fa c to r s  in f lu e n c in g  th e  o v e r a l l  
r a te  of so r p tio n  may be a s se sse d ;  th e  r e la t iv e  r a te  con stan t and 
th e  average d if f u s io n  c o e f f i c i e n t .  The r e la t iv e  r a te  co n stan t has  
been shown to  be in flu en ced  by experim enta l c o n d itio n s  whereas th e  
average d i f f u s io n  c o e f f i c i e n t  should  be an in v a r ia n t  fu n c tio n  o f  
th e  so r b e n t’s n atu re and th e r e fo r e  n ot in flu en ce d  by en v iro im en ta l 
fa c to r s  in  th e  s o lu t io n  (Weber and Rumer 1965 ). The e f f e c t  of 
granule w eigh t and i n i t i a l  s o lu te  c o n cen tra tio n  have been shown to  
in f lu e n c e  r e la t iv e  r a te  co n sta n t fo r  so r p tio n  (Weber and M orris 
1963) which has been confirm ed by t h i s  s tu d y .
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The k in e t ic s  of so rp tio n  of 4 -n itro p h en o l was stu d ied  and th e  
k in e t ic  p r o f i l e  data was analysed  in  terms o f th e  r e la t iv e  ra te  
co n sta n t and th e  average d if f u s io n  c o e f f i c i e n t .  Table 3 ,3 5  shows 
th a t  th e  r e la t iv e  r a te  con sta n t in c r e a se s  as th e  granule w eigh t in  
th e  s o lu t io n  i s  reduced. I t  i s  th e r e fo r e  apparent th a t although th e  
a b s o lu te  mass of s o lu te  removed i s  l e s s ,  th e  p ercentage red u ctio n  of  
s o lu t e  in  s o lu t io n  i s  h ig h e r . The data  from t h i s  asp ect o f th e study  
i s  sp a rse  but would in d ic a te  th a t  th e  r a te  o f tq>take may be reach ing  
a l im it in g  v a lu e . H alving th e  granule w eigh t in c r e a se s  th e  r e la t iv e  
r a t e  co n sta n t by a fa c to r  o f 11%, however a fu r th e r  25% red u ctio n  
on ly  g iv e s  r i s e  to  a 6% in c r e a se  in  th e  r e la t iv e  r a te  con stan t  
(Table 3 .4 2  ) .  T his su g g e s ts  th a t  th e  subspace w ith in  th e
granu le may be becoming congested  w ith  s o lu te  as th e  granule w eigh t 
i s  reduced and as th e  e f f e c t i v e  amount of s o lu te  in c r e a se s  w ith  
r e sp e c t  to  each g ra n u le . I f  t h i s  c o n g estio n  reaches a maximum 
v a lu e  fu r th e r  d ecrease  in  granule w eigh t w i l l  not r e s u lt  in  an 
in c r e a se  in  th e  r e la t iv e  r a te  c o n sta n t.
Table 3 .3 6  shows th a t th e  r e la t iv e  r a te  con sta n t in c r e a se s ,  
ap p aren tly  a s y m to t ic a lly  as th e  i n i t i a l  s o lu te  co n cen tra tio n  i s  
in crea sed  f o r  a g iv en  sorbent w e ig h t. I t  i s  p o s s ib le  th a t  t h is  
e f f e c t  a r i s e s  from subspace c o n g e s tio n  r e s u lt in g  from in c r e a s in g  
th e  e f f e c t i v e  amount o f s o lu te  a v a ila b le  to  be adsorbed by th e  
g ra n u le . As th e  s o lu t e  c o n cen tra tio n  in  s o lu t io n  i s  in c r e a se d , th e  
c o n c e n tr a tio n  g rad ien t a lso  in c r e a se s  r e s u lt in g  in  a rapid r a te  o f  
uptake w ith  consequent co n g estio n  of th e  carbon sub sp ace . I t  i s ,  
th e r e fo r e , l i k e ly  th a t  in c r e a s in g  th e  amount of s o lu te  p resen t in  
th e  system  i s  eq u iv a len t to  reducing th e  sorbent w eig h t. These 
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c h a r a c te r is t ic s  of the sorb en t, in  response to  d ianges in  th e  
n atu re of the s o lu t io n , may be more l ik e ly  to  y ie ld  u s e fu l  
in form ation  about th e behaviour of th e  system  than attem pting to  
c o r r e la te  changes in  the nature of the so r p tio n  p rocess w ith  the  
ph ysicoch em ica l nature of the s o lu t io n  Average d if fu s io n  
c o e f f i c i e n t s  fo r  the so rp tio n  k in e t ic s  of 4 -n itrop h en o l in  systems 
co n ta in in g  d if f e r e n t  amounts of carbon and i n i t i a l  s o lu te  
co n cen tra tio n s  are g iven  in  ta b le  4 8 These d ata , shown in  f ig u re  
4 .7  in d ic a te  th a t , d e s p ite  wide v a r ia t io n s  in  experim ental co n d itio n s , 
th e  average d if fu s io n  c o e f f ic ie n t  v a lu es  are  s im ila r . The error in  
th e  d eterm ination  appears to  be g rea ter  a t  low er i n i t i a l  
co n cen tra tio n s  and h igh er granule w eight which may r e f l e c t  some 
d egree  of s e n s i t iv i t y  to  th e physicochem ical nature and dim ensions 
o f  th e  so rp tio n  system .
These r e s u lt s  d i f f e r  from th e r e la t iv e  r a te  con stan t data where a 
c le a r  trend i s  observed w ith  resp ect to  i n i t i a l  s o lu te  co n cen tra tion  
fo r  both 1 .0  gramme and 2 .0  gramme granule w eigh t system s (Figure  
4 .8 ) .  T his may be explained by in trod u cin g  the concept of so lu te  
p e r m e a b ility . I f ,  a s  w ith  polym eric so r p tio n , th e  p erm eab ility  
th r o u ^  the carbon i s  th e product of some fu n c tio n  of the  
a d so rp tio n  and d if fu s io n  p ro cess , then any r e p r e se n ta tio n  of 
th e  o v e r a ll  k in e t ic s  of so rp tio n  would be in flu en ced  by fa c to r s  
a f f e c t in g  th ese  two p ro cesses . For t h is  reason , th e  k in e t ic  
p r o f i l e ,  th e  t   ^ p lo t  and th e r e la t iv e  r a te  co n stan t are probably  
r e p r e se n ta t iv e  of g ro ss  s o lu te  perm eab ility  e f f e c t s  and as such 
w i l l  be s e n s i t iv e  to  changes in  the system which w i l l  in f lu en ce  
th e  ad sorp tion  p ro cess . As the s o lu t io n  to  eq u ation  1.37  
e lim in a te s  changes in  experim ental co n d itio n s  by th e  use of 
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I n i t i a l  S o lu te  C oncentration  x 10 M
F ig  4 .7 :  The R e la tio n sh ip  Between the Average D if fu s io n  
C o e f f ic ie n t  fo r  the Sorption  o f 4 -n itro p h en o l on to  A ctiv e  
Carbon and the Experim ental C ond itions o f  Granule Weight and 
I n i t i a l  S o lu tio n  C oncentration  in  th e L iqu id  Phase.
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F ig  4 .8 :  The R e la tio n sh ip  Between the R e la t iv e  Rate C onstant
fo r  the S orp tion  o f  4 -n itro p h en o l on to  A c tiv e  Carbon and
th e E xperim ental C onditions o f  Granule Weight and S o lu te_____
I n i t i a l  C oncentration  in  the L iquid  P hase.
A -  1 .0  gramme B -  2 . 0  gramme.
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so r p tio n  isotherm  data  thus e lim in a tin g  th e  a d so rp tio n  ccxnponent, 
an unbiased e s t im a te  of th e  tru e  d i f f u s iv e  n atu re of th e  granular  
sorbent can be made.
I t  would appear from th e se  s tu d ie s  th a t  w h ile  th e  r e la t iv e  r a te  
co n sta n t i s  a u s e fu l in d ic a to r  o f th e a b so lu te  r a te  o f s o lu te  
uptake i t  tends to  r e f l e c t  th e  n atu re o f th e  a d so rp tio n  ra th er  
than d i f f u s io n  p r o c e s s . The subspace model and th e  co n serv a tio n  
o f  d if fu s in g  mass eq u ation  more c o r r e c t ly  d e sc r ib e  th e  mass 
tra n sp o r t of s o lu te  in  th e  so rb en t. An understanding o f th e  nature  
o f  t h i s  p ro cess  i s  o f fundamental im portance in  th e  p r e d ic t io n  o f  
k in e t ic  so r p tio n  b eh av iou r . The r e s u l t s  have shown th a t  th e  
average d i f f u s io n  c o e f f i c i e n t  appears to  be an in v a r ia n t fu n c tio n  
o f  th e  a d so rp tiv e  p r o p e r t ie s  of th e  sorb en t and, to g e th e r  w ith  th e  
isotherm  c o n s ta n ts , f u l l y  c h a r a c te r is e s  th e  n atu re of th e  dynamic 
in t e r a c t io n .
The e f f e c t  of s o lu te  s tr u c tu r e  was a ls o  s tu d ied  u sin g  r e la t iv e  r a te  
co n sta n t and average d if fu s io n  c o e f f i c i e n t  a n a ly s is .  The data  in  
ta b le  3 .3 8  shows th a t  th e  rank order o f r e la t iv e  r a te  con stan t i s  
as fo llo w s  :
4 -n itro p h en o l > 4-m ethoxybenzoic acid  > e th y l 4-am inobenzoate  
Average d i f f u s io n  c o e f f i c i e n t  data  fo r  th e  s o r p t io n  k in e t ic s  of 
th e se  th r e e  s o lu t e s  i s  shown below  in  ta b le  4 .9 .  The v a lu e s  
obtained  su g g e st  th a t  no g ro ss  d if f e r e n c e  e x i s t s  betw een th e  
d if f u s io n  c h a r a c te r is t ic s  of th e th r e e  model s o lu t e s  as th e  average  
d if f u s io n  c o e f f i c i e n t s  are a l l  o f a s im ila r  order of m agnitude.
I t  i s  p o s s ib le  th a t  th e  r a te  of d i f f u s io n  o f 4 -n itro p h en o l may be 
h ig h er  than th e  o th er  two s o lu te s  as in d ic a te d  by th e  h ig h er  average  
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a h igh er  average d i f f u s io n  c o e f f i c i e n t  v a lu e  would account fo r  i t s  
h ig h er  r e la t iv e  r a te  co n sta n t w ith  r e sp e c t to  4-m ethoxybenzoic acid  
althougji i t s  a f f in i t y  fo r  th e  carbon i s  lo w er .
4 .2  BIMRY SOLUTE SORPTION BEHAVIOUR.
4 .2 .1  E quilibrium  C om petitive S orp tio n  Behaviour on Nylon 6 Powder.
C om petitive so r p t io n  p r o c e sse s  w i l l  probably n o t on ly  reduce  
th e  ca p a c ity  of a m ed ic in a l so rb en t, but a ls o  reduce i t s  r a te  of 
uptake as i t  would appear th a t  t h e  ex ten t of so r p tio n  i s  an 
im portant determ inant of th e  so r p t io n  k in e t ic s  (S e c t io n  4 . 1 . 2 . 3 . 2 ) .  
P rev iou s s tu d ie s  of co m p etit iv e  so r p t io n  p r o c e sse s  have been  
concerned w ith  a c t iv e  carbon ad sorb en ts (S e c t io n  1 .7 )  where th e  
" co m p etitiven ess"  o f each component appears to  be a fu n c tio n  o f  
t h e ir  r e la t iv e  a f f i n i t i e s  and th e  c o n cen tra tio n  in  \diich each 
s p e c ie s  i s  p r e se n t . C om petitive so r p tio n  behaviour has n ot been  
p r e v io u s ly  reported  fo r  th e  so r p t io n  o f weak or n o n -e le c tr o ly te s  
i n  n y lon  polym ers where th e  in te r a c t io n  a r i s e s  due to  m atrix  
polym er ch a in  p e n e tr a tio n  a s  opposed to  a d so rp tio n  on to  a 
Langmurian type su r fa c e .
The K v a lu e s  fo r  th e  so r p t io n  o f e tlty l 4-am inobenzoate and 4- 
methox y b en zo ic  acid  from b in ary  s o lu te  m ixtu res were found to  be 
n o t s ig n i f ic a n t ly  d i f f e r e n t  from th o se  of t h e ir  corresponding  
s in g le  s o lu t e  system s ( ta b le  3 .1 4 ,  f ig u r e s  3 .1 1  and 3 .1 2 ) .  The 
iso th erm s o f each s o lu te  were stu d ied  over th e  f u l l  range of t h e ir  
r e s p e c t iv e  s o l u b i l i t i e s  in  b inary s o lu te  s o lu t io n  and no 
c o m p e tit iv e  so r p t io n  e f f e c t s  were ob served . T h is in d ic a te s  th a t  
c o m p etitio n  fo r  s i t e s  in  th e  ny lon  6 m atrix does n ot occur between  
th e s e  s o lu te s  ^ i c h  i s  c o n s is te n t  w ith  th e  proposed a s s o c ia t io n
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in t e r a c t io n  d iscu sse d  p r e v io u s ly  in  S e c t io n  4 . 1 . 2 . 1 . 1 .  P rev iou s
s tu d ie s  have shown th a t  bound w ater i s  n o t e s s e n t ia l  fo r  th e  so r p tio n  
o f  e th y l 4-am inobenzoate by n y lo n  6 a s  type isotherm s a r i s e  from 
so r p t io n  from dried  n-hexane (R ichardson 1973). I f  tr a c e  amounts 
o f  w ater a re  p resen t in  th e  s o lv e n t ,  type isotherm s a r i s e  which 
a r e  presumed to  occur due to  p r e fe r e n t ia l  so r p tio n  of w ater w ith  
d isp lacem ent of e th y l 4-am inobenzoate. In  aqueous s o lu t io n  th e  
n y lo n  6 m atrix w i l l  be h ig h ly  h yd rated , th e r e fo r e , th e  b en zo ic  
acid  d e r iv a t iv e s  probably bind by a s s o c ia t io n  w ith  bound w ater  
to g e th e r  w ith  a d egree of s t a b i l i z a t io n  a r is in g  betw een th e  
hydrophobic m o e it ie s  of th e  s o lu te  and polymer m a tr ix . The number 
o f  bound w ater " s ite s "  appears to  remain l i m i t l e s s  w ith in  th e  range 
o f  s o lu b i l i t y  of both  of th e  b en zo ic  acid  d e r iv a t iv e s ,  th e r e fo r e ,  
co m p etit iv e  so r p tio n  would not be expected  to  occu r . I f  a s  
s u g ^ s te d  in  S e c t io n  4 . 1 . 1 . 1  no d isp lacem ent of w ater or in t e r ­
ch a in  hydrogen bond c lea v a g e  occurs i t  i s  a lso  u n lik e ly  th a t  m atrix  
d isen tan g lem en t a r is e s  as has been su gg ested  by G ile s  and h is  co­
workers (1974) .  I t  i s  more probable th a t  th e  b en zo ic  acid  
d e r iv a t iv e s  d i f f u s e  in to  th e  m atrix a s  i t  i s  d isen ta n g led  by w ater  
m o lecu les  ra th er  than by any s p e c i f i c  e f f e c t  of t h e ir  own.
In  c o n tr a s t  to  th e  so r p tio n  of th e  b en zo ic  acid  d e r iv a t iv e s ,  some 
d egree  o f co m p etitiv e  so r p tio n  behaviour was observed in  th e  b inary  
s o lu t e  system s in v o lv in g  phenol and 4 -n itro p h en o l ( f ig u r e s  3 . 1 4  -  
3 . 1 6 ) .  The so r p t io n  isotherm  fo r  4 -n itro p h en o l from s in g le  s o lu te  
s o lu t io n  gave th e  c h a r a c te r is t ic  type iso th erm . On th e  a d d itio n  
o f  phenol to  th e  s o lu t io n ,  however, th e  isotherm: fo r  4 -n itro p h en o l 
was reduced and assumed th e  appearance of an L iso th erm . The 
e x te n t  of th e  su p p ress io n  in  in ta k e  i s  r e la te d  to  th e  co n cen tra tio n
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of phenol p resen t ( f ig u r e  3 . 1 5 ) .  T his su g g e s ts  th a t  th e  phenol i s  
com peting f o r  in te r a c t io n  s i t e s  in  th e  polymer th a t  would o th erw ise  
be o c c iç ie d  by 4 -n itro p h en o l m o lecu les . Such co m p etit iv e  so r p tio n  
in te r a c t io n s  in  polymers have app aren tly  n o t been reported  p r e v io u s ly  
in  th e  l i t e r a t u r e  except w ith  re sp e c t to  th e  l e v e l l i n g  p ro cess  
used in  th e  commercial dyeing of polymers (S e c t io n  1 . 7 . 1  • ) .  The 
l e v e l l i n g  p r o c e ss  i s  on ly  a p p lic a b le  when io n ic  dyes are  used to  
co lo u r  s y n th e t ic  polym eric m a te r ia ls  and i s  n ot e f f e c t i v e  when 
u n io n ised  dyes are  used which do not in te r a c t  by an ion -exchange  
mechanism. In t h i s  study th e  p h en o lic  compounds a re  both  f u l l y  
u n io n is e d .
The so r p tio n  of phenol i s  not a f fe c te d  by th e  p resen ce  of 4 -
n itro p h en o l a t  phenol : 4 -n itro p h en o l i n i t i a l  c o n c e n tr a tio n  r a t io s
o f  1 :1  and 3 : 1 .  T his may again  be exp la ined  by phenol b e in g  ab le
t o  b ind more s tr o n g ly  w ith  th e  ny lon  6 w ith  th e  r e s u lt  th a t  i t  i s
p r e f e r e n t ia l ly  sorbed and con seq u en tly  does n o t s u f fe r  co m p etitio n .
S im ila r ly , th e  so r p tio n  of e th y l 4-am inobenzoate and 4-m ethoxybenzoic
a cid  in  th e  p resen ce  of phenol did n o t in d ic a te  th e  p resen ce  of any
co m p etit iv e  so r p tio n  e f f e c t s  (Table 3 . 2 5 ) .  In crea s in g  th e
c o n c e n tr a tio n  r a t io  of phenol to  4 -n itro p h en o l to  5 :1  d i d ,  however,
r e s u l t  in  a change in  isotherm  typ e  fo r  both  s o lu t e s .  (F igu re 3 . 1 6 ) .
The isoth erm  fo r  phenol in  t h is  system  i s  i n i t i a l l y  l in e a r  and
c lo s e ly  fo llo w s  th a t  of th e  isotherm  determ ined from s in g le  s o lu te
-1
s o lu t io n .  At an in ta k e  o f approxim ately 2 .5  mol Kg th ere  i s  a
la r g e  in c r e a se  in  so r p tio n  o f phenol r e la t iv e  to  i t s  s in g le
s o lu t e  iç ta k e .  The isotherm  fo r  4 -n itro p h en o l shows an i n i t i a l
re d u c tio n  in  uptake due to  th e in f lu e n c e  o f phenol but aga in  a t  an
—1
uptake v a lu e  of about 1 .5  mol Kg th e  e x te n t o f so r p tio n  shows a
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la rg e  in c r e a s e . T his anomalous isotherm  type has been termed th e
Z type isotherm  by G ile s  (G ile s  and T o lia  1964) and has been
reported  fo r  th e  so r p tio n  o f 4 -n itro p h en o l by dry c e l lu lo s e  from
2 . 2 .4 -tr im e th y lp e n ta n e . T his was exp la in ed  in  terms, o f a sudden
p a r t ia l  breakdown of th e  c e l lu lo s e  s tr u c tu r e  due to  s o lu te
p e n e tr a t io n , when th e  s o lu t e  co n cen tra tio n  i s  ra ise d  above a g iven
v a lu e . In th e  ca se  of th e  so r p tio n  of th e  phenols by nylon  6 powder
-1
t h i s  c r i t i c a l  va lu e  occurs above about 4 mol Kg t o t a l  phenols  
u ptake. The la rg e  r e la t iv e  in c r e a se  in  uptake beyond t h i s  p o in t  
was accompanied by a change in  th e  morphology o f th e  polymer powder. 
At th e  p o in t a t  which Z isotherm  behaviour a ro se  th e  powder p a r t ic l e s  
congea led  in to  a co h esiv e  rubbery m ass. I t  may b e , th e r e fo r e , th a t  
a t  h igh  co n cen tra tio n  o f th e  mixed p h en o ls th e  ny lon  6 i s  becoming 
p la s t i c i z e d .  Each s o lu te  in  t h i s  c a se  i s  a c t in g  as a c o - p la s t ic i z e r  
a s  n e ith e r  can e f f e c t  th e  s tr u c tu r a l changes a t  th e  le v e l  of 
c o n c e n tr a tio n  in  which they are  p resen t in d iv id u a l ly .
The appearance of co m p etitiv e  so r p tio n  behaviour in  t h i s  s y s te n  
to g e th e r  w ith  p la s t i c i z a t io n  em phasizes th e  d if fe r e n c e  in  th e  in te r ­
a c t io n  mechanism betw een th e  b en zo ic  acid  and p h en o lic  d e r iv a t iv e s .  
Phenol and 4 -n itro p h en o l probably form hydrogen bonds of s u f f i c i e n t  
in t e n s i t y  to  d is p la c e  bound w ater from amide groups in  th e  m atrix  
and a s s o c ia t e  w ith  them d ir e c t ly .  T h is would account fo r  th e  h igh  
K v a lu e s  obtained  even though t h e ir  aqueous s o l u b i l i t i e s  are a ls o  
h igh  compared to  th o se  of the b en zo ic  acid  d e r iv a t iv e s .  P revious  
s tu d ie s  have shown th a t  phenol can co m p lete ly  d is s o lv e  th e  ny lon  6 
m atrix  (Marcus 1959) whereas t h is  study has dem onstrated th a t th e  
C2 type isotherm  fo r  4 -n itro p h en o l in d ic a te s  th a t  i t  i s  u n lik e ly  
t o  g iv e  r i s e  to  p la s t i c i z a t io n ,  and subsequent d is s o lu t io n  o f th e
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polym er. S tu d ies by Bark and Graham (1967) on th e  in te r a c t io n  
o f  p h en o lic  s o lu te s  w ith  nylon  T.L.C s ta t io n a r y  phases have shown 
th a t  they b ind to  polyam ides by hydrogen bond form ation  betw een th e  
hydroxyl group and th e  amide group of th e  polymer ch a in . The 
e le c tr o n  d e n s ity  in  th e  r e g io n  o f th e  OH group on th e  4 -n itro p h en o l 
m olecu le w i l l  be l e s s  than th a t  on phenol due to  th e  e le c tr o n  
w ithdraw ing a c t io n  o f th e  n it r o  group. T his m ight account fo r  th e  
d isp lacem ent of 4 -n itro p h en o l by phenol and th e  in a b i l i t y  of th e  
form er s o lu te  to  form hydrogen bonds of s u f f i c i e n t  s tr e n g th  to  
d ise n ta n g le  th e  c r y s t a l l in e  reg io n s  of th e  nylon  m atrix  and e v e n tu a lly  
d is s o lv e  i t .  The c o - p la s t i c i z a t io n  behaviour probably a r i s e s  due 
to  th e  p a r t ia l  p l a s t i c i z a t io n  of th e  c r y s t a l l in e  reg io n s of th e  
m atrix  by phenol. The r e s u l t s  su g g est  th a t  4 -n itro p h en o l can enhance 
th e  p la s t i c i z in g  a c t iv i t y  o f  phenol in  a weakened m atrix  a lthough  
i t  i s ,  by i t s e l f ,  unable to  e l i c i t  such s tr u c tu r a l changes.
The e s s e n t ia l  d if f e r e n c e  betw een th e  co m p etitiv e  in te r a c t io n s  of 
th e  p h en o lic  and b en zo ic  acid  d e r iv a t iv e s  appears to  cen tre  around 
th e  n atu re of th e  b in d in g  s i t e .  As the. b en zo ic  ac id  d e r iv a t iv e s  
probably a s s o c ia t e  w ith  bound w a ter , th e  " s ite s "  a re  e f f e c t i v e ly  
u n lim ited  and th e  uptake of each s o lu t e  remains a fu n c t io n  of i t s  
a c t iv i t y  in  th e  bulk  s o lu t io n  p h ase . The p h en o lic  d e r iv a t iv e s ,  
however, b ind to  a f i n i t e  number o f amide lin k a g e s  in  th e  m a tr ix .
As th e se  become l im ite d , th e  two s o lu te s  compete fo r  th e  rem aining  
a v a ila b le  s i t e s  and a su p p ress io n  o f th e  uptake of th e  more w eakly  
in te r a c t in g  s o lu te  o ccu rs . In th e  c a se  of so r p tio n  on to  nylon  6 
an a d d it io n a l consequence of s i t e  l im it a t io n  i s  p la s t i c i z a t io n .
As phenols probably in te r a c t  by a mechanism o f in te r c h a in  hydrogen  
bond c le a v a g e , th e  so r p tio n  of a c r i t i c a l  number of phenol m o lecu les
on to  a lim ite d  number of s i t e s  r e s u l t s  in  p la s t i c i z a t io n  in  
a d d it io n  to  co m p etitiv e  so r p tio n  b eh aviou r.
4 -2 .2 . E quilibrium  C om petitive S orp tion  Behaviour on A c tiv e  Carbon.
U nlike co m p etitiv e  so r p t io n  p r o c e sse s  in  polym eric so rb en ts , 
th e  in te r a c t io n  of s o lu te s  from b inary mixed s o lu t io n  w ith  a c t iv e  
carbon has been th e  su b je c t  of prev ious s tu d ie s  (S e c t io n  1 .7 .2 ) .
A d if f e r e n t  form at fo r  making th e  b inary mixed s o lu t io n s  was 
adopted as compared t o  th a t used in  th e  nylon  6 s o r p t io n  study; th e  
i n i t i a l  co n cen tra tio n  o f one s o lu t e  was v a r ied  in  th e  p resen ce  of a 
con sta n t co n cen tra tio n  of th e  secon d . To f a c i l i t a t e  com parison  
w ith  s tu d ie s  in  th e  l i t e r a t u r e  th e  form u la tion  of th e  mixed s o lu te  
s o lu t io n  was changed from th e  co n sta n t i n i t i a l  c o n c e n tr a tio n  r a t io  
so lu t io n s  used in  th e  nylon  6 s tu d ie s  to  th a t  d escr ib ed  above.
R eports in  th e  l i t e r a t u r e  on th e  so r p tio n  of b inary s o lu t e  m ixtures  
by so rb en ts  have p r e v io u s ly  been concerned w ith  th e  p r e d ic t io n  of  
binary s o lu te  so r p tio n  u sing  s in g le  s o lu te  so r p t io n  data (S e c t io n  
1 .7 .2 ) .  These rep o rts  su g g e st  th a t  th e " com p etitiven ess"  o f a 
s o lu te  in  b inary system  i s  a fu n c t io n  of th e  r e la t iv e  a f f in i t y  and 
c o n c e n tr a tio n  w ith  re sp ec t to  th e competing s p e c ie s .  I t  would 
fo l lo w , th e r e fo r e , th a t  fo r  two s o lu te s  of id e n t ic a l  a f f i n i t y  th e  
p r e f e r e n t ia l ly  adsorbed s o lu te  would be th a t  p resen t in  h ig h er  
co n c e n tr a tio n . Furthermore, i f  two s o lu te s  were p resen t in  
id e n t ic a l  c o n cen tra tio n  th e  s o lu t e  w ith  h ig h er  a f f in i t y  fo r  th e  
su r fa c e  would be p r e f e r e n t ia l ly  adsorbed (Weber and M orris 1964).
The so r p t io n  isotherm s fo r  m ixtu res of 4 -n itro p h en o l and phenol 
were found to  fo llo w  th e se  gen era l p r e d ic t iv e  r u le s .  From th e  
s in g le  s o lu t e  isotherm  data  ( f ig u r e  3 .2 2 )  th e  a f f in i t y  of 
4 -n itro p h en o l i s  g r e a te r  than th a t  fo r  phenol and in  th e  p resen ce  of
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4 -n itro p h en o l th e  so r p tio n  of phenol i s  reduced ( f ig u r e  3 .2 5 ) .
The ex ten t of th e  red u ctio n  o f th e  so r p t io n  of phenol in c r e a se s  
as th e  co n cen tra tio n  of 4 -n itro p h en o l p resen t r i s e s .  The ex ten t  
o f  su p p ress io n  can be v is u a l is e d  by d e f in in g  a su p p ressio n  fa c to r  ;
 ^ ^binary s o lu te  ........................  (4 .1 7 )
^ s in g le  s o lu te
where S = su p p ressio n  fa c to r  a t  s p e c if ie d  eq u ilib riu m
co n cen tra tio n
n *= th e  uptake of s o lu te  from binary
b inary  s o lu te
mixed s o lu t io n
n = th e  uptake of s o lu te  from s in g le
s in g le  s o lu te
s o lu te  s o lu t io n
Table 4 .1 0  Suppression  F actor Data fo r  th e  S o rp tio n  o f Phenol
- 3
in  th e  P resen ce  o f 4 -n itro p h en o l a t  4x10 M E quilibrium  C oncentration .
I n i t i a l  C oncentration  
of 4 -n itro p h en o l
Phenol S uppression  F actors
-3
10 M 0 .4 0
_3
3x10 M 0.6 1
_3
5x10 M 0 .7 4
Table 4 .1 0  shows th a t a lth o u ^ i c o m p etitiv e  so r p tio n  in c r e a se s  as
th e  com p etitor  co n cen tra tio n  r i s e s  th e  e f f e c t  o f in c r e a s in g
co n c e n tr a tio n  o f 4 -n itro p h en o l on th e  uptake of phenol i s  r e l a t iv e ly
l e s s  marked. F igure 3 .2 8  shows th a t  4 -n itro p h en o l w i l l  suppress th e
_3
uptake of phenol ( i n i t i a l  co n cen tra tio n  5x10 M) even over th e low
_3
c o n c e n tr a tio n  range o f zero to  10 M. Table 4 .1 0  shows th a t  in c r e a s in g  
th e  i n i t i a l  c o n c e n tr a tio n  of co m p etito r , in  tu rn  in c r e a se s  th e
350
su p p ressio n  o f phenol. The r e la t io n s h ip  betw een th e  i n i t i a l
c o n c e n tr a tio n  o f 4 -n itro p h en o l and th e  phenol su p p ressio n  fa c to r
su g g e s ts  th a t  co m p etitiv e  so r p tio n  may be becoming l im it e d . T his
su p p ress io n  fa c to r  d ata  shows th a t in c r e a s in g  th e  com p etitor
_3
c o n c e n tr a tio n  from 0 to  10 M reduces th e  uptake o f phenol by 40%.
-3 _3
A fu r th e r  in c r e a se  of i n i t i a l  co n cen tra tio n  by 2x10 M to  3x10 M
r e s u l t s  in  an a d d it io n a l 21% re d u c tio n  in  a c t i v i t y .  In crea s in g  by
_3
th e  same i n i t i a l  co n cen tra tio n  increm ent to  5x10 M on ly  in c r e a se s  
th e  degree o f su p p ression  by a fu r th e r  13%. Again th e  e x te n t to  
which th e  uptake of phenol i s  reduced in c r e a se s  as th e  co n cen tra tio n  
o f  4 -n itro p h en o l i s  in c r e a se d . The p resen ce  of phenol in  t h i s  system  
has no e f f e c t  on th e  so r p t io n  of 4 -n itro p h en o l ( f ig u r e s  3 .2 6  and 
3 .2 7 ) .  S im ila r  f in d in g s  on th e  so r p tio n  o f m ixtu res of phenols  
have been reported  by F r itz  and Schluender (1 9 7 4 )and Jossens e t  a l  
(1 9 7 8 ). The apparent la c k  o f co m p e tit iv e n e ss  o f phenol s u g g e s ts  th a t  
th e  tru e  a f f in i t y  of 4 -n itro p h en o l fo r  th e  so r p t io n  s i t e s  on a c t iv e  
carbon i s  fa r  h ig h er  than  would be p red ic ted  from th e  so r p tio n  
iso th erm . One p o s s ib le  ex p la n a tio n  may be based on a d if fe r e n c e  in  
s o lu te -s o r b e n t  b ind ing in t e n s i t y  fo r  phenol and 4 -n itr o p h e n o l.
M attson and Mark (1971) have suggested  th a t  arom atic compounds 
predom inantly adsorb on to  a c t iv e  carbon by an e le c tr o n  donor- 
a ccep to r  complex mechanism betw een su r fa c e  o x id es  and th e  
e le c tr o n  system  of th e  s o lu t e .  These d on or-accep tor  com plexes would 
be expected  to  be r e v e r s ib le  and, due to  th e  involvem ent of th e  
e le c tr o n s  of th e  arom atic n u c leu s, th e  s o lu t e  would be expected to  
adsorb in  a " face-on"  o r ie n ta t io n .  The e le c tr o n  d e n s ity  in  th e  7T 
e le c tr o n  c lou d  o f 4 -n itro p h en o l i s  much g r e a te r  than th a t of phenol 
due to  th e  e le c tr o n  w ithdraw ing nature o f th e  para n itr o  groiq). As
351
a r e s u lt  of the d if fe r e n c e  in  7T cloud  e le c tr o n  d en sity  i t  may
b e, th e r e fo r e , th a t  4 -n itro p h en o l in t e r a c t s  more s tr o n g ly  w ith
th e  carbon su r fa ce  than phenol w ith  th e  r e s u l t  th a t  4 -n itro p h en o l
w i l l  n o t ex p er ien ce  stron g  co m p etitio n  from phenol m o lec u le s .
The so r p tio n  of 4-m ethoxybenzoic acid  in  th e  p resen ce  of 4 -n itr o p h e n o l
or e th y l 4-am inobenzoate a ga in  fo llo w s  th e  gen era l p r in c ip le s  of
" com p etitiven ess"  o u tlin e d  above. The a f f i n i t y  o f 4 -n itro p h en o l
and e th y l 4-am inobenzoate fo r  th e  carbon i s  s im ila r  (a s  determ ined
from t h e ir  s in g le  s o lu te  iso th erm s) and t h e ir  su p p ressio n  o f th e
uptake of 4-m ethoxybenzoic acid  w ould, th e r e fo r e , be expected  a ls o
t o  be s im ila r .  Comparison o f f ig u r e s  3 .2 9  and 3 .3 3  show th a t  th e
su p p ress io n  experienced  by 4-m ethoxybenzoic acid  in  th e  p resen ce  of
e th y l 4-am inobenzoate i s  co n sid era b ly  g r e a te r  than in  th e  p resen ce
o f  4 -n itro p h en o l a t  th e  h ig h er  co n cen tra tio n s  of com peting s p e c ie s .
Table 4 .1 1  summarises th e  e f f e c t  of e th y l 4-am inobenzoate and
4 -n itro p h en o l co n cen tra tio n  on th e  so r p t io n  of 4-m ethoxybenzoic a c id .
The in c r e a se  in  th e  degree o f co m p etitio n  experienced  by 4-m ethoxy-
b en zo ic  acid  in  th e  p resen ce of e th y l 4-am inobenzoate i s  a ls o
r e f le c t e d  in  a change in  isotherm  typ e  ( f ig u r e  3 .34  ) •
In  a l l  o f th e  o th er  system s stu d ied  th e  iso therm s remained of th e
L -type in  th e  p resen ce  of th e  com peting s p e c ie s .  The isotherm  fo r
-3
4-m ethoxybenzoic acid  in  th e  p resen ce  of 10 M e th y l 4-am inobenzoate
i s  L in  n a tu re  and on in c r e a s in g  th e  com p etitor  co n cen tra tio n  to  
_3 _3
3x10 M th en  5x10 m, th e  isotherm s change through typ e to
ty p e . G ile s  (1960) has su ggested  th a t S iso th erm s may be produced  
by co m p etitio n  frcm so lv e n t  m o lecu les  or  a second s o lu t e  in  th e  
so lv e n t  p resen t as a tr a c e  contam inant (S e c t io n  1 . 5 .2 . 3 ) .
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acid  i s  due to  strong co m p etitio n  from e th y l 4-am inobenzoate, 
which a ga in  i s  fa r  h ig h er  than would be expected from th e  s in g le  
s o lu t e  isotherm . The high c o m p etit iv en ess  of e th y l 4-am inobenzoate  
may be exp la ined  by i t s  s t a t e  of io n is a t io n ;  a t  pH 2 .3 2  e th y l  
4-am inobenzoate i s  approxim ately 36% u n io n ise d . I t  would appear 
th a t  th e  isotherm  m isrep resen ts  th e  tr u e  ex ten t of th e  s o r p t io n  of 
e t ty  1 4-am inobenzoate a s  th e  a f f in i t y  fo r  an e f f e c t i v e  co n cen tra tio n  
in  th e  adsorbed phase i s  h igh er than  would be p red ic ted  from th e  
isotherm  w ith  resp ec t to  th a t  of 4 -n itro p h en o l I t  i s  p o s s ib le  
th a t  th e  e th y l 4-am inobenzoate m olecu le can occupy a la r g e r  
e f f e c t i v e  area  by n e u tr a l is in g  su r fa c e  ox id e groups \d iich  would 
o th erw ise  be a v a ila b le  to  p a r t ic ip a te  in  change tr a n s fe r  com plexes 
w ith  4-m ethoxybenzoic acid  T his would r e s u l t  in  a h ig h er  d egree  
o f  d isp lacem ent of com peting s p e c ie s  a ls o  p resen t in  th e  so r p tio n  
system
The s in g le  p o in t p lo t  d ata  fo r  th e  above system s ( f ig u r e s  3 .3 1  and 
3 .3 5 )  in d ic a te s  th a t  th e  uptake of both s o lu te s  in  th e  b inary  
s o lu t e  4-m ethoxybenzoic acid  : 4 n itro p h en o l and 4-m ethoxybenzoic
acid  : e th y l 4-am inobenzoate system s i s  reduced . T h is i s  in
c o n tr a s t  to  th e  phenol ; 4 n itro p h en o l b inary s o lu te  system  where -
th e  so r p t io n  o f 4 -n itro p h en o l was u n a ffe c ted  by th e  p resen ce  of 
phenol The s in g le  p o in t p lo t s  a lso  in d ic a te  th a t  where co m p etitiv e  
so r p t io n  o ccu rs, th e  ex ten t of th e  red u ctio n  in  uptake i s  a fu n c tio n  
o f  th e  c o n c e n tr a tio n  of com p etitor  p resen t in  th e  system .
I f  co m p etit iv e  so r p tio n  i s  dependent on such fa c to r s  as s o lu te  
a f f i n i t y  and co n cen tra tio n  i t  m ight be expected  th a t  some form o f  
p r e d ic t iv e  method fo r  determ ining co m p etit iv en ess  m ight be d eveloped . 
Severa l procedures have been p r e v io u s ly  used w ith  vary in g  degrees of
3^.4
su ccess  as ou tlin ed  in  S ec tio n  1 7 . 2 .  Many o f th e se  methods re ly
on th e  ad sorp tion  system behaving according to  Langmuir*s model o f  
a d so rp tio n . I f  p r e d ic t iv e  methods based on th e  Langmuir equation
a re  to  be su ccès  s u l ly  employed, th e  v a lu e s  of n obtained  from
max
s in g le  s o lu te  so rp tio n  s tu d ie s  must be r e l ia b le .  The n v a lu es
max
fo r  th e two s o lu te s  which are th e su b jec t of the p r e d ic t io n  must
a ls o  not be s ig n if ic a n t ly  d i f f e r e n t .  Although th e isotherm  data
obtained  in  t h i s  study can be f i t t e d  to  th e  Langmuir eq u ation
s a t i s f a c t o r i l y ,  the r e l i a b i l i t y  of th e  n v a lu es  i s  d ou b tfu l as
max
uptake was not stud ied  in  th e reg io n  of maximum uptake in  a l l  c a se s .
The n va lu e  for  4 -n itrop h en o l can be considered  to  be a s a t is fa c to r y  
max
e s t im a te  of th e  maximum uptake as the isotherm  d eterm ination  was 
extended over th e  range of uptake where a p la teau  a r i s e s .  This was 
n ot the case  fo r  4-m ethoxybenzoic a c id , e th y l 4-am inobenzoate and 
phenol where th e  isotherm  was determ ined over the L  ^ isotherm  reg ion  
on ly  A newer nethod of p r e d ic tio n  has been developed which 
u t i l i s e s  s in g le  so lu te  data but i s  not r e s t r ic t e d  to  a s p e c i f i c  
t h e o r e t ic a l  model such as th e Langmuir su r fa ce  (Radke and P rausn itz  
1972b), Their c a lc u la t io n  procedure u ses a c l a s s ic a l  thermodynamic 
approach and was developed from id e a l s o lu t io n  th eo ry . The adsorbed 
phase i s  considered  to  behave as an id e a l s o lu t io n  where th e  in t e r f a c ia l  
te n s io n  of th e  binary s o lu te  adsorbed phase i s  a w eighted average 
o f  th e  in t e r f a c ia l  ten sio n s  of th e  two s in g le  s o lu te  adsorbed ph ases. 
S in g le  so lu te  isotherm  data i s  used to  c a lc u la te  th e in t e r f a c ia l  
te n s io n  of th e  adsorbing sp e c ie s  u sing  Gibbs* isotherm  eq u a tio n .
F u ll d e t a i l s  of the c a lc u la t io n  procedure are g iven  in  S ec tio n  
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s o lu te  s o lu t io n  so r p tio n  isotherm s i s  g iv e n  in  Appendix 4 . An 
ex h a u stiv e  and com prehensive com parison of Langmurian and id e a l  
s o lu t io n  theory based p r e d ic t iv e  methods has su ggested  th a t  th e  
l a t t e r  procedure i s  probably th e  m ost s a t is f a c t o r y  and w id e ly  
a p p lic a b le  (E v ere tt 19 7 9 ). A ttem pts were th e r e fo r e  made to
u se  t h i s  procedure to  a s s e s s  th e  accuracy w ith  which l i k e ly  
c o m p etitiv e  so r p tio n  phenomena may be p red ic te d ; t h e o r e t ic a l  
so r p t io n  isotherm s w ith  th e experim enta l data  are shown fo r  s e v e r a l  
binary s o lu te  system s in  f ig u r e s  4 .9  to  4 .1 2 .  Suppression  fa c to r s  
(E quation  4 .1 7 )  fo r  th e  t h e o r e t ic a l  and ex p er im en ta lly  determ ined  
binary s o lu te  isotherm s are  g iv en  in  ta b le  4 .1 2 .
T y p ic a lly , th e  th e o r e t ic a l  iso th erm s show th a t  in c r e a sin g  th e  
c o n c e n tr a tio n  of com p etitor  p resen t su p p resses th e  so r p tio n  o f th e  
o th er  s o lu t e .  The isotherm s fo r  phenol and 4-m ethoxybenzoic acid  
in  th e  p resen ce  of 4 -n itro p h en o l ( f ig u r e s  4 .9  and 4 .1 1  r e s p e c t iv e ly )  
show poor agreement a t  low c o n cen tra tio n  o f  com p etitor , b u t a t  h igh  
c o n c e n tr a tio n  th e  t h e o r e t ic a l  cu rves a re  much c lo s e r  to  th o se  
determ ined ex p er im en ta lly  The th e o r e t ic a l  iso therm s fo r  th e  so r p tio n  
o f  4-m ethoxybenzoic acid  in  th e  p resen ce  of e th y l 4-am inobenzoate  
show a low degree o f  agreement w ith  th e  exp erim en ta l isotherm s  
and do not p r e d ic t  th e  change in  isotherm  ty p e  found in  t h is  system .
The procedure in d ic a te s  th a t  th e  so r p t io n  o f 4 -n itro p h en o l sh ou ld  
be suppressed  to  some e x te n t by th e  p resen ce  of phenol, 
ex p er im en ta lly  however, t h i s  was n o t ob served .
I t  i s  apparent, th e r e fo r e , th a t  t h i s  c a lc u la t io n  procedure may be 
o f  some u se  in  p r e d ic t in g  g e n e r a lis e d  co m p etit iv e  e f f e c t s  but i s  n o t  
s a t i s f a c t o r i l y  a ccu ra te  to  o b v ia te  th e  need f o r  d ir e c t  exp erim en ta tion . 
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w ith  n o n - id e a lity  w ith  re sp e c t to  id e a l s o lu t io n  theory  or errors  
im p l ic i t  in  th e  c a lc u la t io n  procedure. I t  i s  l i k e l y  in  th e s e  
so r p tio n  system s vAiere high su r fa ce  a c t iv i t y  a r i s e s  th a t  th e  a c t iv i t y  
ra th er  than th e  co n cen tra tio n  in  th e  adsorbed phase should be used  
in  th e  c a lc u la t io n  procedure. N o n -id e a lity  w ith  re sp e c t to  id e a l  
s o lu t io n  th eory  i s  a ls o  l i k e ly  to  occur i f  th e  s o lu te s  a re  capable  
o f  in te r a c t in g  w ith  one another a t  th e  su r fa c e . I f  t h i s  were to  
occur i t  would be u n lik e ly  th a t  an a ccu ra te  p r e d ic t io n  o f b inary  
s o lu t e  so r p tio n  e q u i l ib r ia  could  be ach ieved  on th e  b a s is  of s in g le  
s o lu te  isotherm  d ata . The c a lc u la t io n  procedure was Implemented 
u sin g  a computer program su p p lied  by th e  o r ig in a to r s  of th e  theory  
(J o ssen s; person a l communication;Appendix 4 ) .  The computer program 
u ses  th e  c o n sta n ts  o f a g iv en  isotherm  eq u ation  to  rep resen t th e  
s in g le  s o lu te  iso th erm . The Langmuir eq u ation  was used in  th e  
c a lc u la t io n  procedure a s  th e  Radke eq u ation  could  n o t be co n v en ie n tly  
u t i l i s e d  w ith ou t e x te n s iv e  m o d if ic a tio n  to  J o ssen * s o r ig in a l  
a lgor ith m .
4 .2 .3  Dynamic C om petitive S orp tion  Behaviour on A c tiv e  Carbon.
S evera l r e p o r ts  in  th e  l i t e r a t u r e  have shown th a t  th e  r a te  of 
uptake of organ ic  s o lu te s  frOm aqueous s o lu t io n  i s  a f fe c te d  by th e  
p resen ce  of a com peting s p e c ie s  (S e c t io n  1 .8 .1 ) .  F igu res 3 .5 9 ,  3 .6 1 ,  
3 .6 3  and 3 .6 5  show th a t  th e  o v e r a ll  r a te  of so r p tio n  fo r  a g iv e n  s o lu te  
i s  su p p ressed , w ith  r e sp e c t  to  th e  s in g le  s o lu t e  s o r p t io n , in  th e  
p resen ce  o f a s o lu te  where co m p etitiv e  so r p tio n  has been shown to  
occu r . D i f f i c u l t i e s  a r i s e ,  however, i f  a ttem p ts are  made to  
n u m erica lly  compare r a te s  of uptake fo r  th e  model s o lu t e s  from 
binary and s in g le  s o lu te  s o lu t io n .  F igure 3 .5 8  shows th a t  th e  s lo p e
ho f th e  t  p lo t  fo r  4 -n itro p h en o l i s  reduced in  th e  p resen ce  of 
e th y l 4-am inobenzoate, but in te r c e p ts  on th e  o rd in a te  a s  opposed
ao2
to  the a b s c is s a  (F igure 3 .5 8 ) .  The n atu re o f  the t^ p lo t  appears to
d i f f e r  fo r  s in g le  and b in ary  s o lu te  s o lu t io n s  in  t h is  r e sp e c t
su g g e stin g  th a t i t  may n o t be a r e l ia b le  method o f comparing r a te  
d ata . As the eq u ilib r iu m  uptake o f th e s o lu te  changes in  th e
b in ary  s o lu te  sy stem s, c a lc u la t io n  o f average d if fu s io n  c o e f f i c i e n t s
i s  n ot p o s s ib le  u sin g  tech n iq u es p r e s e n t ly  a v a i la b le .
The method o f  Crank o u t lin e d  in  Appendix 3 , r e l i e s  on the a b i l i t y  to  
use ex p er im en ta lly  determ ined isotherm  co n sta n ts  to  a s s e s s  th e  e f f e c t  
o f  the so r p tio n  p ro cess  on p e r m e a b ility . As th e  eq u ilib r iu m  iso th erm  
g e n e r a lly  changes in  th e p resen ce  o f com peting s p e c ie s ,  th e  so r p tio n  
component i s  d i f f i c u l t  to  take in to  c o n s id e r a t io n . An a lt e r n a t iv e  
method o f  a n a ly s in g  the data i s  by means o f  th e  su p p ressio n  fa c to r  
(Equation 4 .1 7 )  which rep re se n ts  the f r a c t io n a l  red u ctio n  in  uptake 
w ith  r e sp e c t  to  the s in g le  s o lu te  k in e t ic  p r o f i l e .  T his v a lu e  i s  
n u m erica lly  s im ila r  to  th o se  c a lc u la te d  fo r  th e eq u ilib r iu m  b in ary  
s o lu te  so r p tio n  s t u d ie s ,  however, the dynamic su p p ressio n  fa c to r ,
S^, d e sc r ib e s  the n on -eq u ilib r iu m  s i t u a t io n .  In stea d  o f  the num erical 
v a lu e  b e in g  d e fin ed  a t s p e c if ie d  eq u ilib r iu m  c o n c e n tr a t io n s ,  
th e r e fo r e , the su p p ressio n  fa c to r s  are s p e c i f ie d  w ith  r e sp e c t  to  tim e. 
F iv e  v a lu es  o f  were c a lc u la te d  over the 300 m inute experim ental 
tim e in te r v a l  a f t e r  50 , 100, 150, 200 and 250 m in u tes . These v a lu es  
were found to  be approxim ately eq u a l, th e r e fo r e  a mean su p p ressio n  
v a lu e  was c a lc u la te d  to  reduce the e f f e c t  o f  co m p etitio n  to  a s in g le  
param eter ( ta b le  4 .1 3 ) .  The two major fa c to r s  in f lu e n c in g  the  
eq u ilib r iu m  c o m p etitiv en ess  o f  a s o lu te  are th e  r e la t iv e  a f f i n i t y  
and co n cen tra tio n  w ith  r e sp e c t  to  i t s  co m p etito r . I t  i s  apparent 
from ta b le  4 .1 3  th a t the r e la t iv e  i n i t i a l  co n cen tra tio n  o f  th e  s o lu te  
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When th e s o lu te  i s  p resen t in  a c o n c e n tr a tio n  f iv e  tim es th a t  o f  
th e  com peting s p e c ie s  l i t t l e  su p p ress io n  o f uptake o c cu rs . When 
th e  s o lu te  i s  p resen t a t  o n e - f i f t h  th e  co n cen tra tio n  o f th e  com p etitor  
th e  k in e t ic  p r o f i l e  i s  reduced by betw een h a lf  and o n e -th ir d .
In  th e  dynamic system , th e  a f f i n i t y  rem ains co n sta n t, whereas th e  
co n cen tra tio n s  of th e  two s p e c ie s  change w ith  resp ec t to  tim e . Thus 
fo r  example when 4 -n itr o p h e n o l i s  p resen t in  th e  b inary system  a t  
an i n i t i a l  co n cen tra tio n  f i v e  tim es th a t  o f e th y l 4-am inobenzoate  
th e  e f f e c t  of th e  r e l a t iv e  c o n cen tra tio n  component o f th e  
c o m p e tit iv e n e ss  w i l l  be accen tu ated  by th e  h igh er  r a te  a t  \d iich  i t  
i s  taken  up by th e  carbon. T h is i s  a ls o  i l lu s t r a t e d  in  th e  system s  
where 4-m ethoxybenzoic acid  i s  p resen t a t  an i n i t i a l  c o n c e n tr a tio n  
r a t io  o f 0 .2  (Table 4 .1 3 )  i . e .  a t  a low er c o n cen tra tio n  w ith  r e sp e c t  
to  i t s  co m p etito r . E th y l 4-am inobenzoate has been shown to  e x e r t  a 
h ig h er  su p p ressio n  on th e  eq u ilib r iu m  uptake of 4-me thoxybenzo i c  
a c id  than 4 -n itr o p h e n o l. The mean su p p re ss io n  r a t io  o f 4-me thoxy­
benzo ic  acid  i s ,  how ever, 0 .3 2  in  th e  p resen ce  of 4 -n itro p h en o l and 
0 .4 6  in  th e  p resen ce  o f e th y l 4-am inobenzoate. T his d iscrep an cy  can  
be accounted fo r  by a c o n s id e r a tio n  o f th e  r e la t iv e  r a te s  of so r p tio n  
fo r  e th y l 4-am inobenzoate and 4 -n itr o p h e n o l. The l a t t e r  s o lu t e  has 
th e  h ig h er  r a te  of s o r p t io n , and, a lthough  i t  i s  l e s s  co m p etit iv e  
in  th e  eq u ilib r iu m  b inary  system  i t  i s  more co m p etit iv e  in  th e  
dynamic s i t u a t io n .
The co n serv a tio n  o f d if f u s in g  mass eq u a tio n  (eq u a tio n  1 .3 .7 )  
su g g e s ts  th a t  th e  o v e r a l l  r a te  of so r p tio n  of each s o lu te  in  th e  
binary system  may bê a f fe c te d  by c o m p e tit iv e  e f f e c t s  on th e  a d so rp tio n  
and d if f u s io n  ccmponent. The average d i f f u s io n  c o e f f i c i e n t s  fo r  each  
s o lu t e  are s im ila r  ( ta b le  3 .9  ) in d ic a t in g  th a t  th e  r a te  o f
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perm eation'through  the carbon i s  determ ined m ain ly  by the  
c h a r a c t e r is t ic s  o f  the so r p tio n  iso th erm . I t  i s  th e r e fo r e  p o s s ib le  
th a t th e co m p etitiv e  so r p tio n  p ro cess  i s  th e most l i k e l y  in f lu e n c e  
on r a te  su p p ress io n . I t  i s  a ls o  l i k e ly  th a t s o lu te  m o lecu les  may 
s t e r i c a l l y  h inder one another w h i ls t  d if fu s in g  through th e s o lv e n t  
f i l l e d  p o res . I t  i s  n o t p o s s ib le  to  a s s e s s  w hether t h is  mechanism  
p la y s a s ig n i f ic a n t  r o le  in  th e low ering o f  the o v e r a l l  s o lu te  
so r p tio n  r a te  in  the b in ary  s o lu te  system s used in  t h is  stu d y .
4 .3  THE CHARACTERISTICS AND SORPTION BEHAVIOUR OF NYLON 6 COATED 
ACTIVE CARBON.
4 .3 .1  The M orphological and P h y s ic a l C h a r a c te r is t ic s  o f  Nylon 6 
Coated A c tiv e  Carbon.
The p h y s ic a l t e s t s  c a rr ied  out on the nylon  6 coated  a c t iv e  
carbon gran u les in d ic a te d  th a t the coat d id  n ot profoundly  a f f e c t  
the nature o f  the core carbon (S e c t io n  2 . 7 .3 ) .  H eats o f  w e tt in g  
(S e c tio n  2 .7 .3 .2 )  and sa tu r a t io n  vapor uptakes ( ta b le  2 .7 )  were 
not s ig n i f i c a n t l y  d if f e r e n t  su g g estin g  th a t th e co a tin g  d id  n o t  
in trod u ce s e l e c t i v i t y  based on sim ple s i z e  e x c lu s io n  p r o c e s se s .  
Mercury p orosim eter s tu d ie s  d id  in d ic a te  th a t some d if fe r e n c e  
e x i s t s  betw een the coated  and uncoated carbon. The i n i t i a l  phase  
of th e porogram fo r  th e coated  sorbent shows th a t  no mercury i s  
p e n e tr a tin g  th e com posite g ra n u le , however i t  superim poses upon the  
uncoated program a t  h igh er p ressu res  (low er pore ra d iu s) as shown 
in  f ig u r e s  2 .7  and 2 .8 .  I t  i s  n ot c le a r  w hether t h is  r e s u l t  was 
r e p r e se n ta t iv e  o f  a change in  p o r o s ity  or an a r t i f a c t  o f  d isr u p tio n  
o f  the co a t fo llo w ed  by im paction  o f  the r e s u lt in g  d eb r is  in to  
the pore netw ork.
The p resen ce  o f  th e  nylon  6 c o a tin g  i s  c le a r ly  seen  in  p la t e  4 .5  a t
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tim es 66 m a g n if ic a t io n . The f in e ly  p it t e d  s u r fa c e , c h a r a c t e r is t ic  
o f  th e  uncoated granule (p la t e  4 . 2  ) ,  i s  rep laced  by a smooth
su r fa c e  p erfo ra ted  by sm all c ir c u la r  c r a te r s .  Larger f i s s u r e s  are  
s t i l l  apparent although th e  sm a ller  ones appear to  be bridged by  
th e  polymer c o a t . I f  p la t e  4 .6 ,  th e  coated  a c t iv e  carbon m agnified  
662 t im es , i s  compared w ith  p la t e  4 .3 ,  i t  i s  apparent th a t  th e  
c h a r a c t e r is t ic  sm all f i s s u r e s  are obscured by th e  polymer f i lm  
and have been rep laced  by new su r fa ce  fe a tu r e s  i l lu s t r a t e d  
sc h e m a tic a lly  in  f ig u r e  4 .1 0 ;  o f  p a r t ic u la r  in t e r e s t  a re  th e  p resen ce  
o f  what appears to  be numerous sm all p in h o le s  and b l i s t e r s .  The 
p in h o le s  may be a r e s u l t  of b l i s t e r s  in  th e  co a t which have b u r s t .
As th e  sam ples were coated  w ith  g o ld , under vacuum, p r io r  to  bein g  
scanned, th e  b l i s t e r s  and p in h o le s  may be p resen t as a r e s u l t  o f  th e  
p rep a ra tio n  p r o c e ss , p a r t ic u la r ly  i f  any a ir  i s  trapped underneath  
th e  c o a t .  The l i g h t ,  sp h e r ic a l p a r t ic l e s  a re  probably sp ray-d r ied  
n y lon  6 .
I f  th e  su r fa c e  of th e  coated  gran u les i s  examined a t  a h igh  
m a g n if ic a tio n  o f tim es 21 ,900  (p la te  4 .7 )  i t  can be seen  th a t  th e  
su r fa c e  i s  smooth and com p lete ly  covers th e  granule su r fa c e .
A ttem pts were made to  fr a c tu r e  th e coated  g ra n u les , and a ty p ic a l  
m icrograph a f t e r  such treatm ent i s  shown in  p la t e  4 .8  a t  a 
m a g n if ic a tio n  o f tim es 2 ,8 0 0 . T his shows th a t  th e  n y lon  6 co a t  
i s  on ly  co v er in g  th e  su r fa c e  o f th e  granule and does n ot p e n e tr a te  
th e  in te r n a l p ore  s tr u c tu r e . The th ic k n e ss  o f  th e  c o a t , as  
estim ated  from th e  to rn  edges appears to  be about 0 .5pm.
4 .3 .2  S o rp tion  B ehaviour.
S tu d ie s  o f th e  in f lu e n c e  o f polym eric c o a tin g s  on the so r p tio n  
o f  s o lu t e s  have been predom inantly r e la te d  to  th e ir  u se  in  haemoper-
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fu s io n  system s in  which th e  polym er c o a t i s  ap p lied  to  In crea se  
th e  ccm p a ta b ility  o f th e  sorb en t w ith  b lood (S e c t io n  1 .1 ,1  ) .
Sparks (1975) has su ggested  th a t  th e  so r p t io n  c a p a c ity  o f th e  
adsorbent fo r  a s p e c i f i c  m olecu le m ight be in crea sed  by th e  u se  o f  
a s e l e c t iv e  p o lym eric m icrocap su le w a ll  surrounding a c t iv e  carbon  
g r a n u le s . No a ttem p ts have been  made to  r e s o lv e  th e  fu n c t io n  of 
th e  polymer c o a t  and th e  carbon co re  in  th e  o v e r a l l  so r p t io n  
p r o c e ss  or  th e  a f f e c t  th a t  t h i s  may have on co m p etit iv e  r a te  and 
eq u ilib r iu m  in t e r a c t io n s .  The in f lu e n c e  o f a polym er co a t on th e  
so r p t io n  o f a s o lu t e  frcm s o lu t io n  by a c t iv e  carbon m ight be 
exp ected  t o  be tw o fo ld . F i r s t l y ,  th e  polymer co a t may b lo ck  some 
o f  th e  en tran ces to  th e  in te r n a l p ore  network \d iich  may r e s u l t  in  
a low erin g  of th e  ca p a c ity  o f  th e  sorb en t fo r  th e  s o lu t e .  Second ly , 
th e  co a tin g  may a f f e c t  th e  s o r p t io n  p r o p e r t ie s  of th e  core  carbon  
by red u cing  th e  r a te  a t  which s o lu te  can in t e r a c t  w ith  i t .  
E quilibrium  so r p t io n  isoth erm s fo r  4 -n itr o p h e n o l, 4 -m ethoxybenzoic  
a c id  and e th y l 4-am inobenzoate from s in g le  s o lu te  s o lu t io n  ( f ig u r e s  
3 .2 3  to  3 .2 5 ) . show th a t  th e  i n i t i a l  s lo p e s  o f th e  iso therm s are
superim posable upon th e  uncoated ones and th a t  su p p ress io n  o f uptake  
on ly  a r i s e s  a t  h ig h er  v a lu e s  of u p tak e . T h is i s  p a r t ic u la r ly  w e ll  
shown in  th e  c a se  of e th y l 4-am inobenzoate where th e  degree o f  
su p p r e ss io n  a t  h igh  v a lu e  i s  s u f f i c i e n t  t o  change th e  isotherm  type  
from to  L2 type ( f ig u r e  3 .2 5 ) .  These o b serv a tio n s
s u g g e s t  th a t  th e  in t e r a c t io n  w ith  th e  core  carbon granu le i s  
e s s e n t i a l l y  u n a ltered  by th e  p resen ce  of th e  c o a t .  The o v e r a l l  
c a p a c ity  i s  reduced which i s  probably due to  a g ro ss  b lock age o f th e  
en tra n ces  to  a p ro p o rtio n  o f th e  in te r n a l p o r e s . The data  in  ta b le s  
3 .2 9  to  3 .3 1  show th a t  th e  Radke, Langmuir and F reund lich  eq u ation s
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do not f i t  th e  ex p er im en ta lly  determ ined isotherm s fo r  th e  coated
carbon so r b e n t. T h is probably a r i s e s  from th e  nature of th e
isotherm  where th e  i n i t i a l  s lo p e  does n o t s ig n i f i c a n t ly  d i f f e r  from
th e  uncoated carbon isotherm  whereas th e  change in  isotherm  s lo p e
in  th e  r e g io n  o f th e  p la tea u  i s  g r e a te r  than  w ith  th e  uncoated
sorbent which i s  probably due to  pore en tran ce b lo ck a g e .
The r a te  o f so r p tio n  of a s o lu t e  may a ls o  be a lte r e d  by th e  r a te  a t
which i s  can perm eate through th e  n y lon  6 c o a t . The r a te  of
perm eation w i l l  be governed by th e  n y lo n  6 so r p t io n  K v a lu e  and
d if f u s io n  c o e f f i c i e n t .  F igure 3 .5 2  shows th a t  th e  r a te  of so r p tio n
o f  4 -n itro p h en o l on to  th e  coated  carbon i s  s i g n i f i c a n t ly  slow er
than fo r  th e  uncoated m a te r ia l. T h is was a ls o  found f o r  th e
so r p tio n  k in e t ic s  of 4-m ethoxybenzoic acid  and e th y l 4-am inobenzoate
(f ig u r e s  3 .5 6 ) .  The e f f e c t  of i n i t i a l  co n cen tra tio n  on th e  r a te
o f so r p tio n  of 4 -n itro p h en o l was s tu d ied  to  c h a r a c te r is e  th e  n atu re
o f  th e  k in e t ic  p r o f i l e  a r is in g  from dynamic so r p t io n  on to  n y lon  6
coated a c t iv e  carbon. F igure 3 .5 2  a ls o  shows th a t  th e  shape o f th e
k in e t ic  p r o f i l e s  d i f f e r  from th o se  of th e  uncoated carbon as th e
th ree  c h a r a c t e r is t ic  phases are l e s s  w e ll  d efin ed  over th e  300 m inute
d eterm in ation  p e r io d . The l in e a r  t  p lo t  re g io n  fo r  th e  so r p tio n
o f  4 -n itro p h en o l i s  extended from 25 fo r  th e  uncoated carbon to
- 3
225 m inutes on th e  coated  sorbent fo r  th e  10 M i n i t i a l  c o n cen tra tio n
hsystem  ( f ig u r e  3 .5 3 ) .  The d u ra tio n  o f th e l in e a r  t  r eg io n  i s
however reduced from 225 to  56 m inutes as th e  c o n cen tra tio n  in c r e a se s  
- 3  - 3
from 10 M to  5x10 M. T his would su g g e s t  th a t  th e  carbon subspace  
i s  s t i l l  a determ iriant o f so r p t io n  r a te  although  i t s  r o le  would 
appear to  be s u b s ta n t ia l ly  m o d ifie d . The p resen ce  of th e  coa t  
reduces th e  r a te  o f uptake w ith  r e sp e c t to  th e  uncoated m a ter ia l
372
in d ic a t in g  th a t  th e  polymer i s  co n tr ib u tin g  to  th e  o v e r a l l  co n tro l 
o f  th e  r a te  of so r p tio n .
P relim inary  s tu d ie s  showed th a t th e  d egree o f su p p ressio n  a r is in g  from
th e  p resen ce of th e  co a t was n ot co n sta n t th r o u ^ o u t  th e  p eriod  of
th e  d e term in a tio n . I n i t i a l l y ,  th e  d egree  o f su p p ressio n  o f th e  r a te
o f  uptake was low and in creased  as th e  e la p sed  tim e in c r e a se d .
C o n sid era tio n  o f th e  r e la t iv e  r a te  c o n sta n ts  w ould, n o t th e r e fo r e
be r e p r e se n ta t iv e  of th e  so r p tio n  p ro cess  over th e  f u l l  300 m inute
p e r io d . To a s s i s t  in  th e  v i s u a l i s a t io n  o f th e  e f f e c t  o f co a tin g
c ton th e  r a te  of so r p tio n , a co a tin g  su p p ress io n  fa c t o r ,  S » inay be 
used (eq u a tio n  4 .1 8 ) .
.  J 3 ^  ...................... (4 .1 8 )
n
c twhere S = th e  su p p ressio n  fa c to r  a t  tim e. t .
n = th e  uptake from s in g le  s o lu t e  s o lu t io n  on to  
a c t iv e  carbon a t  tim e, t .
c tn = th e  uptake from s in g le  s o lu te  s o lu t io n  on to  
n ylon  6 coated  a c t iv e  carbon a t  tim e, t .
V alues of were determ ined a f t e r  50, 100, 150, 200 and 250 
m inutes and th e s e  are  summarised fo r  th e  fou r  i n i t i a l  co n cen tra tio n s  
o f  4 -n itro p h en o l s tu d ie d  in  ta b le  4 .1 4 .
Table 4 .1 4  shows th a t  th e  uptake i s  i n i t i a l l y  reduced by 50% and 
a f t e r  250 m inutes i s  approxim ately 30% o f th e  uptake of 4 -n itro p h en o l 
on to  th e  uncoated a c t iv e  carbon. The su p p ress io n  fa c to r s  fo r  each  
c o n c e n tr a tio n  appear to  be id e n t ic a l  in d ic a t in g  th a t  th e  percen tage  
r e d u c tio n  in  uptake due to  th e  p resen ce  of th e  co a t i s  n ot 
c o n c e n tr a tio n  dependent. The su p p ress io n  fa c to r s  fo r  th e  o th er  two 
model s o lu te s  are g iv e n  in  ta b le  4 .1 5 , to g e th e r  w ith  th a t  fo r  4—
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Table 4 .1 4  Suppression  F actors fo r  th e  E ffe c t  of th e  N ylon 6 
Coat in  Suppressing th e  R ate of Uptake of 4 -n itro p h en o l on to  
A ctiv e  Carbon.





1 X 10 M 0 .5 6 0 .5 3 0 .4 0 0 .3 5 0 .3 1
2 X 10“ M^ 0 .5 2 0 .4 0 0 .3 4 0 .3 0 0 .2 6
_ 3
3 X  10 M 0 .5 0 0 .4 0 0 .3 5 0 .3 2 0 .2 7
_ 3
4 X 10 M 0 .5 0 0 .39 0 .3 5 0 .3 1 0 .2 9
Table 4 .1 5  Suppression  F actors fo r  th e  E ffe c t  of th e  N ylon 6 
Coat in  Suppressing th e  R ate of Uptake of 4 -n itr o p h e n o l,
4-m ethoxybenzoic acid  and E thyl 4-am inobenzoate ( i n i t i a l  
_ 3
c o n c e n tr a tio n  10 M.






4 -n itro p h en o l 0 .5 5 0 .47 0 .4 0 0 .3 5 0 .3 1
4-m ethoxybenzoic acid 0 .5 0 0 .4 2 0 .3 5 0 .3 0 0 .2 6
e th y l 4-am inobenzoate 0 .5 7 0 .4 6 0 .4 0 0 .3 7 0 .3 3
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n itr o p h e n o l.
The su p p ressio n  fa c to r s  fo r  a l l  th r e e  s o lu t e s  and t h e ir  tim e  
dependence appear to  be s im ila r ,  su g g e st in g  th a t  th e  e f f e c t  of th e  
c o a t  on r a te  su p p ress io n  i s  ap p aren tly  independent o f th e  natu re  
o f  th e s e  s o lu t e s .
C o n sid era tio n  o f th e  p erm ea b ility  c h a r a c t e r is t ic s  of th e  s o lu te s  
through both ny lon  6 and a c t iv e  carbon may support th e s e  fin d in g s*
In  th e  c a se  of th e  s o r p t io n  o f s o lu t e s  by n y lo n  6 powder th e  lin e a r  
iso th erm s may be rep resen ted  by a s in g le  so r p t io n  co n sta n t;  th e  K 
v a lu e , which i s  an e s t im a te  of th e  Henry^s law co n sta n t fo r  sorp tion *  
The isotherm s fo r  a c t iv e  carbon a re , how ever, n o n - lin e a r  and d i f f e r  
in  n a tu re  to  th o se  fo r  th e  n y lon  6 in t e r a c t io n .  The i n i t i a l  r eg io n  
o f  th e  L isotherm  may be con sid ered  to  be l in e a r ,  obeying Henry’ s  
law fo r  so r p t io n  which i s  r e f le c t e d  in  th e  (X co n sta n t of Radke’ s  
eq u a tio n  (Equation 1 .2 6 ) .  I t  i s  th e r e fo r e  p o s s ib le  to  determ ine  
e s t im a te s  of th e  d i f f u s io n  p r o c e ss  fo r  both  so r b e n ts . A lth o u ^  
th e  mechanism o f s o lu te  t r a n s fe r  i s  d i f f e r e n t  in  each c a se , th e  
d if f u s io n  c o e f f i c i e n t  d e sc r ib e s  th e  mass tra n sp o r t as i f  th e  
in te r n a l s tr u c tu r e  o f each sorb en t were s im i la r .  F in a l ly ,  th e  
p erm ea b ility  c o e f f i c i e n t  fo r  tra n sp o r t in  nylon  6 can be obtained  
from eq u ation  1 .2 4 . A lthough th e  s o lu t e  iso th erm s on a c t iv e  
carbon are n o n - lin e a r , i t  should  be p o s s ib le  to  d e f in e  a p erm ea b ility  
c o e f f i c i e n t  \d iere H enry’ s law i s  obeyed u s in g  th e  fo llo w in g  equation*
V  “ ^  *   ( 4 .1 9 ) .
where P = th e  p erm ea b ility  c o e f f i c i e n t  fo r  th e  carbon  
HL
OC = th e  Radke i s o t h e r m c o n s t a n t .
D = th e  average d if fu s io n  c o e f f i c i e n t  fo r  th e  carbon.
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Mass tr a n s fe r  data fo r  th e  so r p tio n  o f 4 -n itr o p h e n o l, 4-m ethoxybenzoic  
a cid  and e th y l 4-am inobenzoate are  summarised in  ta b le  4 .1 6 .
The d ata  in  ta b le  4 .1 6  shows th a t th e  p erm ea b ility  c o e f f i c i e n t s  fo r  
th e  s o lu te s  stu d ied  fo r  mass tr a n s fe r  th r o u ^  th e  nylon  6 f i lm  a re  
a l l  o f th e  same order of magnitude although sm all d if f e r e n c e s  are  
apparent. T h is i s  a lso  th e  ca se  fo r  th e  so r p tio n  of s o lu te s  in to  
a c t iv e  carbon. As th e  p erm ea b ility  c o e f f i c i e n t s  th r o u ^  th e  ny lon  
6 f i lm  a re  about 7 orders o f magnitude low er than th o se  fo r  th e  
a c t iv e  carbon in  each c a se , th e  r e la t iv e  su p p ressio n  o f r a te  should  
be s im ila r  fo r  a l l  th r e e  s o lu t e s .  T h is may e x p la in  th e  apparent 
independence of th e  co a tin g  su p p ressio n  fa c to r  on th e  n atu re of 
th e  s o lu t e .  The wide d if fe r e n c e  in  th e  p erm ea b ility  c o e f f i c i e n t s  
betw een carbon and ny lon  6 a ls o  accou n ts fo r  th e  reduced r a te  o f  
uptake observed ex p er im en ta lly . I t  i s  p o s s ib le ,  th e r e fo r e , th a t  
th e  r a te  o f so r p tio n  of s o lu te s  on to  polymer coated  carbon so rb en ts  
may be p red ic ted  from a c o n s id e r a tio n  o f t h e ir  p erm ea b ility  
c o e f f i c i e n t s  in  th e  co a t and co re , and th e  fa c to r s  'sdiich a f f e c t  
them.
I f  polymer co a tin g s  are  to  be used to  a l t e r  th e  co m p e tit iv e n e ss  of  
th e  s o lu te s  and g iv e  a k in e t ic  advantage to  one or o th er  s p e c ie s  a 
d ^ r e e  o f s e l e c t i v i t y  must be imparted to  th e  com posite sorb en t by 
th e  c o a t . The on ly  way in  \d iich  th e  co a t i s  l i k e l y  to  do t h i s  i s  by 
a s e l e c t iv e  r e ta r d a t io n  of mass t r a n s fe r .  T h is w i l l  occur e i th e r  
due to  a s ig n i f ic a n t  d if fe r e n c e  in  th e  ny lon  6 or a c t iv e  carbon  
p erm ea b ility  c o e f f i c i e n t s  or t h e ir  r a t io .  As th e se  th r e e  param eters 
a r e  not s ig n i f i c a n t l y  d if f e r e n t  fo r  th e  th r e e  s o lu te s  used in  t h i s  
stu d y , i t  i s  n ot l i k e ly  th a t  any d egree of s e l e c t i v i t y  w i l l  have  
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so r p t io n  o f 4 -n itr o p h e n o l, 4-methoxybenzo i c  acid  and e th y l 4-am ino- 
b en zoate  were stu d ied  on nylon  6 coated  a c t iv e  carbon from b inary  
mixed s o lu t io n s  to  t e s t  th e  p r e d ic t io n  th a t no o v e r a l l  improvement 
in  s e l e c t i v i t y  fo r  th e  carbon would be ach ieved  by a p p lic a t io n  o f  
th e  polymer c o a t .
The so r p tio n  isotherm s fo r  th e  uptake of th e  model s o lu t e s  from 
binary s o lu te  s o lu t io n  are aga in  suppressed  w ith  r e sp e c t  to  th e  
s in g le  s o lu te  iso th erm s. The p a tte r n  of uptake, a lthough  su p p ressed , 
i s  s im ila r  to  th a t o f th e  b inary s o lu te  s o lu t io n  isotherm s ob ta ined  
f o r  th e  in te r a c t io n  w ith  th e  uncoated carbon. T his i s  p a r t ic u la r ly  
w e ll  dem onstrated by th e  S isotherm  fo r  th e  so r p tio n  o f 4-m ethoxy- 
b en zo ic  acid  in  th e  p resen ce  of e th y l 4-am inobenzoate ( f ig u r e  3 .3 4 ) ,  
In  c o n tr a s t ,  th e  s in g le  p o in t p lo t s  fo r  th e  uptake of th e  co n sta n t  
i n i t i a l  co n cen tra tio n  s o lu te  in  th e  m ixture d i f f e r  from th o se  
ob ta in ed  on th e  uncoated m a te r ia l. In a l l  th r e e  b inary s o lu te  
s o lu t io n s  stu d ied  th e  d ata  p o in ts  f e l l  on a l i n e  p a r a l l e l  to  th e  
a b s c is s a ,  in d ic a t in g  th a t  th e  c o n c e n tr a tio n  dependence o f th e  
co m p etit iv e  so r p tio n  p ro cess  i s  e lim in a ted  ( f ig u r e s  3 .3 3 ,3 .3 7 ,3 .4 1 ) .  
I t  would appear, th e r e fo r e , th a t  th e  co a tin g  a c t s  to  enhance th e  
c o m p e tit iv e n e ss  of th e s o lu te  p resen t in  th e  h igh er  c o n c e n tr a tio n .  
The mechanism by which t h i s  occurs i s  n o t c le a r  from th e  a v a ila b le  
d a ta . One p o s s ib le  ex p la n a tio n  i s  th a t  th e  s o lu te  in  th e  h ig h er  
c o n c e n tr a tio n  w i l l  perm eate th r o u ^  th e  polymer f i lm  more r a p id ly  
and e s t a b l is h  a h igh  c o n cen tra tio n  w ith in  th e  carbon c o r e . The 
s o lu t e  p resen t in  th e  low er co n cen tra tio n  w i l l  perm eate through th e  
f i lm  more s lo w ly , and as th e  co m p etit iv en ess  i s  e f f e c t i v e l y  lowered  
w ith  r e sp e c t  to  th a t  on th e  uncoated m a ter ia l a h ig h er  d egree  o f  
su p p re ss io n  i s  en cou n tered .
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A r e d u c t io n  in  the c o m p e t it iv e n e ss  of the s o lu t e  p resen t  a t  th e  
lower co n cen tra t io n  w i l l  r e s u l t  in  a r ed u c t io n  in  th e  ex ten t  of 
s u p p re ss io n  encountered by th e  h ig h er  co n ce n tr a t io n  s p e c i e s .
The f ig u r e s  presented  in  S e c t io n  3 . 4 .5  in d ic a t e  th a t  th e  r a te s  o f  
s o r p t io n  o f  th e  model s o l u t e s  are  suppressed , in  th e  presen ce  of  
one another, a s  i s  the  c a se  w ith  th e  uncoated carbon. Suppression  
f a c t o r s  were c a lc u la te d  as b e fo r e  (Equation 4 .1 8 )  and are g iv e n  in  
t a b le  4 .1 7 .  Table 4 .1 7  in d ic a t e s  th a t  a s im i la r  p a t te r n  of  
su p p r e ss io n  occurs fo r  b inary s o lu t e  dynamic s o r p t io n  on to  ny lon  
6 coated  a c t iv e  carbon as  w ith  th e  uncoated m a te r ia l .  T his  i s  a l s o  
i l l u s t r a t e d  in  ta b le  4 .1 8  where th e  mean su p p ress io n  fa c to r s  fo r  
both  sorbent m a ter ia ls  are  compared. Although a s l i g h t  improvement 
i n  s e l e c t i v i t y  appears to  occur w ith  r e sp e c t  to  4 -n itro p h en o l  th e  
o v e r a l l  degree of su p p ress io n  appears unchanged on both  so r b e n ts .
I t  i s  apparent, th e r e fo r e ,  th a t  as p r e d ic te d ,  a lthough th e  n y lon  6 
f i l m  c o a t  a l t e r s  th e  p erm ea b il i ty  c h a r a c t e r i s t i c s  of th e  carbon  
w ith  r e s p e c t  to  th e  th r e e  model s o lu t e s ,  i t  does n ot s i g n i f i c a n t l y  
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C O N C L U S I O N S  and S U G G E S T I O N S
f or
F U R T H E R  W O R K
The in t e r a c t io n  o f  the model s o lu t e s  w ith  ny lon  6 rev e a led  
th a t  p h en o lic  compounds appear to  bind in  a d i f f e r e n t  manner to  
the b en zo ic  a c id  d e r i v a t i v e s .  The d i f f e r e n c e s  in  th e  i n t e r ­
a c t io n  behaviour are summarised in  ta b le  C . l .
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C .l  Comparison o f  the I n te r a c t io n  Behaviour o f  B enzoic Acid  
and P h en o lic  D e r iv a t iv e s  and Nylon 6.
Charac t e r i s t i c Benzoic Acid  
D e r iv a t iv e s
P h en o lic
D e r iv a t iv e s
A f f i n i t y  w ith  r e s p e c t  
to  s o l u b i l i t y  *
Normal * High *
I n f l e x io n  in  Van't  
Hoff Isochore
P resent Absent
Com petitive S orption Not observed  
under s p e c i f i e d  
experim ental  
co n d it io n s
Present
Co-Plas t i c i s a t i o n Not observed  
under s p e c i f i e d  
experim ental  
co n d it io n s
P resent
* As p r e d ic te d  from the lo g  : lo g  r e la t io n s h ip  between  
s o r p t io n  K v a lu e  and s o l u b i l i t y  (Richardson 1973).
The f in d in g s  o f  t h i s  study confirm rep o r ts  in  the l i t e r a t u r e  
based on th in  la y e r  chromatography th a t  phenols may bind s p e c i f i c a l l y  
to  amide groups in  th e  nylon 6 m atrix  whereas b en zo ic  a c id  d e r iv a t iv e s  
can on ly  form a weak a s s o c ia t io n .  P erm ea b il i ty  and d i f f u s io n  s tu d ie s  
showed th a t  a lthough  p h en o lic  d e r iv a t iv e s  can p l a s t i c i s e  nylon 6 the  
way in  which s o lu t e  t r a n s fe r s  through the m atrix  i s  not a f f e c t e d  i . e .  
p e r m e a b il i ty  remains a product o f  the so r p t io n  and d i f f u s io n  
c o e f f i c i e n t s .  I t  would be o f  i n t e r e s t  to  s tudy  the  e f f e c t  of  
in c r e a s in g  the c o n cen tra t io n  o f  d i f f u s in g  s o lu t e  w ith in  the ny lon  6
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m atrix  to  a s s e s s  whether p l a s t i c i s a t i o n  a r i s e s  and whether i t  
subseq uently  a f f e c t s  the r a te  o f  mass t r a n s fe r .  The c o p l a s t i c i s a t i o n  
e f f e c t  noted a t  h igh  b inary  s o lu te  s o lu t io n  co n cen tra t io n  i s  a l s o  o f  
i n t e r e s t  and req u ir es  fu r th er  s tu d y  to  f u l l y  c h a r a c te r is e  t h i s  
phenomenon.
Sorption  s tu d ie s  w ith  a c t iv e  carbon in d ic a te d  th a t  both  c la s s e s  
o f s o lu t e  in te r a c te d  by a s im i la r  mechanism. The s o lu t e s  appeared  
to d i f f u s e  in to  the pore s tr u c tu r e  o f  the carbon and adsorb on to  
pore w a l l s .  C om petitive s o r p t io n  occurred in  a l l  system s s tu d ie d  
and a p p l ic a t io n  o f  d i l u t e  s o lu t io n  thermodynamics showed the  
in t e r a c t io n  to  be h ig h ly  n o n - id e a l  w ith  r e s p e c t  to  d i l u t e  s o lu t io n  
theory . I t  would appear th a t  the model s o lu t e s  in t e r a c t  s t r o n g ly  
w ith  the su r fa ce  and one another in  a mixed adsorbed p h ase . The 
r e s u l t i n g  b in ary  s o lu t e  e q u i l i b r ia  are th e r e fo r e  complex and 
d i f f i c u l t  to  p r e d ic t  from s in g le  s o lu t e  s o lu t io n  ad sorp tion  
c o n s id e r a t io n s .
Two types o f  approach to  the study o f  so r p t io n  k i n e t i c s  w ith  
r e s p e c t  to  the so lu te -c a r b o n  in t e r a c t io n  are d is c e r n a b le  from the  
l i t e r a t u r e .  F i r s t l y ,  the  r a te  o f  uptake i s  considered  to  change 
as a fu n c t io n  o f  the p h y s ic a l  nature o f  the s o r p t io n  system  e . g .  
s o lu t e  c o n c e n tr a t io n ,  granule w e ig h t ,  granule p a r t i c l e  s i z e .
Secondly, the mass t r a n s fe r  w ith in  the sorbent i s  con sidered  to  be 
o f  g r e a te r  importance. Changes in  the r a te  o f  uptake a r i s i n g  from 
a l t e r in g  th e  dimensions and nature o f  the so r p t io n  system  appear to  
be accounted fo r  provided  th a t  fundamental knowledge o f  th e  in t r a -  
sorbent mass t r a n s fe r  behaviour i s  known. This study has shown th a t  
by employing the co n serv a t io n  o f  d i f f u s in g  mass eq u a t io n , (which 
r e s u l t s  in  a num erical v a lu e  o f  the d i f f u s io n  c o e f f i c i e n t )  i t  appears
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th a t  r e g a r d le s s  o f  the environm ental c o n d it io n s  o f  the s o r p t io n  
system , mass t r a n s fe r  w ith in  the sorbent remains approxim ately  
co n s ta n t .  I t  i s  p o s s i b l e ,  t h e r e fo r e ,  th a t  the  determ in ation  o f  the  
d i f f u s io n  c o e f f i c i e n t  fo r  mass t r a n s fe r  in  carbons i s  o f  g r e a te r  use  
than e x h a u s tiv e  measurement o f  the  k i n e t i c s  o f  uptake under d i f f e r e n t  
experim ental c o n d it io n s .  I t  was shown th a t  both the  a f f i n i t y  o f  the  
sorbent and the d i f f u s i v i t y  o f  the  s o lu t e  con tr ib u ted  to  th e  o v e r a l l  
"perm eability"  o f  s o lu t e s  through th e  carbon. I t  i s ,  th e r e fo r e ,  
l i k e l y  th a t  co m p etit iv e  s o r p t io n  p r o c e sse s  a f f e c t  both the  e x te n t  and 
r a te  o f  s o lu t e  uptake. Further work i s  n ecessa ry  i n  t h i s  area  to  
a s s e s s  the e x te n t  to  which co m p e t it iv e  so r p t io n  or s t e r i c  h inderance  
w ith in  pores in f lu e n c e s  the r a te  o f  so r p t io n  o f  s o lu t e s  from binary  
mixed s o lu t io n .
Sparks (1975) has su g g este d  th a t  co m p etit iv e  s o r p t io n  p r o c e sse s  
may be in f lu e n c e d  by c o a t in g  a c t iv e  carbon w ith  a s e l e c t i v e l y  
permeable polym eric m icrocapsu le  w a l l .  I t  was fu r th er  argued that  
the m icrocap su le  w a l l  p e r m e a b il i ty  could  be a l t e r e d  such th a t  a cce ss  
to  the carbon pores would be r e s t r i c t e d  to  the s o lu t e  which was the  
su b je c t  o f  i n t e r e s t .  Were t h i s  the c a se ,  sm all q u a n t i t i e s  o f  drugs 
could be removed from complex b i o l o g i c a l  f l u i d s  c o n ta in in g  r e l a t i v e l y  
high er  co n cen tra t io n s  o f  endogenous, adsorbable competing s p e c ie s .  
S tu d ies  by Sparks and h i s  co-workers have su ggested  th a t  the  
d i f f e r e n t i a l  p e r m e a b il i ty  o f  s o lu t e s  w ith in  the  polym eric  capsu le  
w a ll  i s  the major determ inant o f  s e l e c t i v i t y .  This s tu d y ,  however, 
fo c u se s  a t t e n t io n  on the p e r m e a b il i ty  c h a r a c t e r i s t i c s  o f  th e  carbon 
and the polymer as determ inants o f  s e l e c t i v i t y .  I t  has a l s o  
demonstrated th a t  co m p e t it iv e  so r p t io n  p ro c e sse s  w i l l  a f f e c t  
s e l e c t i v i t y  as w e l l  as the  p resen ce  o f  the c o a t .
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The d es ign  o f  e f f i c i e n t  sorb en ts  fo r  d e t o x i f i c a t io n  req u ires  a 
knowledge o f  both the l i k e l y  nature o f  c o m p etit iv e  s o r p t io n  and the  
e x te n t  to  which the a p p l ic a t io n  o f  the coat  m o d if ie s  both s in g le  and 
binary s o lu t e  in t e r a c t io n s .  C onsideration  o f  th e se  var ious  fa c to r s  
lead s  to  an alm ost p r o h ib i t i v e ly  complex model o f  dynamic so rp t io n  
in to  com posite adsorbents .  This s tu d y , h a s ,  however, in d ic a te d  th a t  
p r e d ic t io n s  can be made concerning the  mass t r a n s fe r  c h a r a c t e r i s t i c s  
o f  nylon 6 coated  a c t iv e  carbon based on sim ple eq u il ib r iu m  and 
k i n e t i c  so r p t io n  s t u d i e s .  Further work i s  requ ired  in  t h i s  area to  
enable q u a n t i t a t iv e  p r e d ic t io n  o f  mass t r a n s fe r  in  composite  
adsorbents to  be ach ieved . I t  would be n ecessa ry  to  study systems  
o f  d i f f e r e n t  carbons w ith  a g iven  polymer and v i c e  v ersa  and a ls o  
use model s o lu t e s  o f  d i f f e r e n t  m olecular  w eight and a f f i n i t y  fo r  
both carbon and polymer. In t h i s  way d i f f e r e n t  perm utations and 
combinations o f  s o r p t io n ,  d i f f u s io n  and p erm ea b il ity  c o e f f i c i e n t s  
could be t e s t e d  fo r  t h e ir  e f f e c t  on the o v e r a l l  mass t r a n s fe r  
c h a r a c t e r i s t i c s  o f  the composite sorb en t.
This p r o je c t  has served  to  in d ic a t e  the way in  which more
e f f i c i e n t  c l i n i c a l  sorbents  can be developed based on sim ple
fundamental so r p t io n  s t u d i e s .  I t  a l s o  in d ic a t e s  th a t  sorbent
. *
m a te r ia ls  c u r r e n t ly  used in  Pharmacy and l^edicine may be l e s s  
e f f i c i e n t  than p r e d ic te d  from s im p le ,  s in g l e  s o lu t e  i n - v i t r o  s t u d ie s .
Although f i lm  c o a t in g  may be a p o s s i b l e  method o f  improving the  
e f f i c i e n c y  and s e l e c t i v i t y  o f  a c t iv e  carbon sorb en ts  c e r ta in  
m iscon cep tion s  about the mechanism o f  s e l e c t i v i t y  have p r e v a i le d .
Before s o lu t e  mass t r a n s fe r  in  polymer coated  carbons can be 
f u l l y  optim ised  an accu ra te  model o f  s e l e c t i v i t y  which in c lu d es  
co m p etit iv e  so r p t io n  has to  be developed . The use  o f  so r p t io n  
co n sta n ts  and d i f f u s io n  and p erm ea b il ity  c o e f f i c i e n t s  fo r  drug-  




A. 1 .1 .1  L east  Squares L inear R eg resss io n  A n a ly s is .
When a l in e a r  r e la t io n s h ip  i s  assumed to  e x i s t  between two 
v a r ia b le s ,  i t  i s  usual to  f i t  a s t r a ig h t  Line by le a s t - s q u a r e s  
r e g r e s s io n  a n a ly s i s .  The s im p le s t  s t a t i s t i c a l  model fo r  t h i s  
type o f  a n a ly s is  assumes th a t  the independent v a r ia b le  X i s  
known w ith ou t error  o f  measurement, and th a t  the corresponding  
measured v a lu es  o f  the dependent v a r ia b le  Y are s c a t t e r e d  normally  
from t h e ir  true v a lu e s .  Hence each va lu e  o f  the  dependent 
v a r ia b le  i s  normally d is t r ib u t e d  about a mean.
The method o f  l e a s t  squares o b ta in s  e s t im a te s  o f  the  
in t e r c e p t  a ,  and the s lo p e  b , in  th e  l in e a r  equation  Y = a + bX 
such th a t  the sum o f  the  squares o f  the d e v ia t io n s  o f  the  
o b serv a t io n  Y  ^ from t h e ir  mean v a lu e s  01 i s  a minimum.
These v a lu es  are
. . n
= Y -  bX (A. 1 .2 )
n
n 2 1  X? -  ( Z  X .)2
21  -  X ) (Y. -  Y )
( , \  -  x )2
(A. 1 .3 )
(A .1 .4 )
where n i s  the number o f  p o in t s  on the  l i n e .
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C o rre la t io n  C oeff ic ien t .
The c o r r e la t io n  c o e f f i c i e n t  (r)  i s  d ef in ed  a s : -
2 ( X .  -  X) (Y. -  Y )  (A. 1 .5 )
J a ,  -
_2 _ 
X) (Y  ^ -  Y )
To rep resen t  a l i n e a r  r e la t io n s h ip  between two v a r i a b l e s ,
X and Y, r must be + u n ity .  The c a lc u la te d  va lu e  o f  r i s  compared 
w ith  the tab u la ted  v a lu e  a t  the 5% p r o b a b i l i t y  l e v e l  fo r  n-2  
degrees o f  freedom, and i f  found to  be g r e a te r  than the tab u la ted  
v a lu e ,  the ob serv a t io n s  are con sid ered  to  be l i n e a r l y  r e la t e d .
A .1 . 1 .3  Variance o f  th e  Slope (b) .
2
This i s  termed and i s  g iv en  by th e  e q u a t io n : -  
2s;- -   5----------- ( A . I . 6)
’’ ^ ( X .  - X ) 2
2
where CTe i s  the r e s id u a l  var ia n ce  o f  th e  dependent v a r ia b le  
Y and i s  obtained  from :-
2
= ---- :------------------------------------ ( A . I . 7)
n - 2
2
where ^  D i s  the r e s id u a l  sum o f  sq uares .
2
D i s  ob ta ined  from the e q u a t io n : -  
S~ -  (Y  ^ -  Ÿ)^ -  S - ( X i  -  X)^ ( A . I . 8)
The standard d e v ia t io n  o f  the s lo p e  i s  g iv e n  by the  
square ro o t  o f  the v a r ia n c e .
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Variance o f  the In te r c e p t  ( a ) .
2
This i s  termed and i s  g iv en  by the e q u a t io n :-
v2 2
s; =    :---------------------------- ( A . I .9)a
where (7 e
(X  ^ -  X)^
2
2 _ (A. 1 .1 0 )
n - 2
The standard d e v ia t io n  o f  the in t e r c e p t  i s  g iv en  by the  square 
root o f  the v a r ia n c e .
To Determine the E q u a lity  o f  Two E stim ates  o f  a Parameter.
A. 1 .1 .5  The t e s t  i s  g e n e r a l ly  known as the Student ’ t* t e s t .
2 2The e q u a l i ty  o f  e s t im a te s  and P  ^ w ith  v a r ia n c e  and Sg 
r e s p e c t i v e ly  o f  a parameter P i s  a s s e s s e d  by means o f  the fo l lo w in g  
s t a t i s t i c : -
P i -
t  =       (A. 1 .11 )
The va lu e  o f  *t* i s  compared w ith  ta b u la te d  v a lu es  w ith  
n^ + Ug -  4 degree o f  freedom where n^ and n^ are the number o f  
o b serv a t io n s  used in  the e s t im a t io n  o f  P^ and P  ^ r e s p e c t i v e l y .  I f  
the c a lc u la t e d  v a lu e  o f  ^t* exceeds the ta b u la te d  va lu e  a t  the 5% 
p r o b a b i l i t y  l e v e l ,  the parameters are co n s id ered  to  be 
s i g n i f i c a n t l y  d i f f e r e n t  a t  th a t  l e v e l .
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A .1 .1 .6  To Determine the E q u a lity  o f  more than Two E stim ates  
o f  a Parameter.
This i s  c a r r ie d  out usin g  m u lt ip le  l in e a r  r e g r e s s io n  and 
a n a ly s i s  o f  v a r ia n c e .  The r e p l i c a t e  experim ental data were 
subm itted to  a m u lt ip le  l in e a r  r e g r e s s io n  a n a ly s i s  u s in g  the  
s t a t i s t i c a l  package MINITAB (Ryan, e t  a l ,  1981) ,  u s in g  the  
fo l lo w in g  l in e a r  eq u ation .
Y = a^X  ^ + b^X^ + a^X^ + b^ ........................  (A. 1 .12 )
The a n a ly s i s  o f  v ar ian ce  o f  the l in e a r  r e g r e s s io n  g iv e s  a 
va lu e  fo r  the r e s id u a l  sum o f  squares (RSS). The data i s  then  
pooled  and resubm itted  to  the l in e a r  r e g r e s s io n  a n a ly s i s  (S e c t io n  
A ,1 ,1 )  to  o b ta in  a v a lu e  fo r  the common s lo p e .  The v a lu e  o f  
r e s id u a l  sum o f  squares  i s  then obta ined  as b e fo re  (RSS*)* The 
a n a ly s i s  proceeds by comparing the d i f f e r e n c e  in  the r e s id u a l  sum 
o f  squares between f i t s  w ith  a common and d i f f e r e n t  s lo p e s  d iv id ed  
by the r e s id u a l  sum o f  sq u ares . The F s t a t i s t i c  i s
(RSS* -  RSS) /  K -  1 .........................(A. 1 .13 )
where K = the number of e s t im a te s  o f  the parameter 
d iv id e d  by
RSS /  ( n^ -  2^) .........................(A. 1 .14)
where n^ = the  t o t a l  number o f  data p o in t s .
The t e s t  fo r  s ig n i f i c a n c e  in v o lv e s  comparing the c a lc u la te d  
va lu e  o f  F w ith  th e  ta b u la ted  va lu e  which has K -  1 , n^ -  2^
degrees o f  freedom. I f  the c a lc u la te d  va lu e  i s  l e s s  than the
tab u la ted  va lu e  fo r  a s p e c i f i e d  l e v e l  o f  s ig n i f i c a n c e  then the
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var ious  e s t im a te s  were con sid ered  to  be not s i g n i f i c a n t l y  d i f f e r e n t  
a t  th a t  l e v e l .
A .1 .2  M u lt ip le  L inear R eg ress io n .
This was c a r r ie d  out u s in g  the s t a t i s t i c a l  package  
MINITAB (Ryan e t  a l ,  1981) which was a v a i la b le  as a l ib r a r y  
r o u t in e  on th e  Bath U n iv e r s i ty  Honeywell computer.
A .1 .3  Non-Linear R eg ress io n .
The f u l l  m athem atical and com putational d e t a i l s  o f  n o n - l in e a r  
r e g r e s s io n  are p resen ted  in  the manual to  NONLIN, a computer package  
(M etz ler ,  M etz ler  e t  a l  1 974 ) .  The NONLIN computer program was used  
in  t h i s  s tudy . The program l i n e a r i s e s  the n o n - l in e a r  eq u ation  
usin g  a Taylor s e r i e s  expansion  u s in g  f i r s t  d e r iv a t iv e  terms o n ly .  
The s e r i e s  o f  eq u ation s  a r i s i n g  from t h i s  treatm ent are so lv e d  by 
a m u lt ip le  l in e a r  r e g r e s s io n  technique employing a s in g u la r  va lu e  
decom position  method to  avo id  problems a s s o c ia te d  w ith  the  In v ers io n  
of fr e q u e n t ly  i l l - c o n d i t i o n e d  m a tr ic e s .  The r o u t in e  i s  i t e r a t i v e  
and so must be su p p lied  w ith  i n i t i a l  e s t im a te s  o f  the n o n - l in e a r  
equ ation  c o n s ta n ts .  The program then u t i l i s e s  the experim ental  
data , the  eq u ation  which i s  su p p lied  as an assignm ent statem ent in  
a fb r tra n  su broutine  and the i n i t i a l  e s t im a te s  o f  the eq u ation  
c o n s ta n ts .  The program c y c l e s ,  converging on a s o lu t io n  which  
produces a b e s t  f i t  s e t  o f  co n s ta n ts  fo r  the model eq uation  w ith  
r e s p e c t  to  the exp erim enta l d a ta .  The program con tin u es  to  f i t  
the data u n t i l  a s p e c i f i e d  l i m i t  o f  error  i s  a t ta in e d  whereupon 
the r e s u l t s  are l i s t e d .
A .1 .4  To Determine the E q u a lity  o f  Two Means o f  a Parameter.
This i s  determined u s in g  the Two T ailed  *t* T est  
S t a t i s t i c : -
Xi -  X.
(A .1 .15 )
” l  "2
where X. and X are the two means, n_ and n« are the number o f
i  2 _  _
o b serv a t io n s  used in  the e s t im a t io n  o f  X  ^ and X^. S rep re se n ts  
the t o t a l  standard d e v ia t io n  and i s  g iv e n  b y : -
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S ,  !  ~ ^1 ^^2 ~ ^2 ( A . I . 16)
(n^ + n^) -  2
where and Sg are the standard d e v ia t io n s  a s s o c ia te d  w ith
X^  and X^.
The va lu e  o f  't*  i s  compared w ith  tab u la ted  va lu es  w ith  
n^ + n^ “ 2 degrees o f  freedom. I f  the  c a lc u la t e d  va lu e  o f  ' t * 
exceeds the tab u la ted  va lu e  a t  the 5% p r o b a b i l i t y  l e v e l ,  the  means 




Table A2.1 Data for the Adsorption of 4~methoxybenzoic acid on to
Active Carbon at pH 2.32 (ionic strength 0.5M) and 30°C.












1.586 0 .208 0.0207 0 . 33
1 .586 0.045 0.0214 0 .7 7
3 .205 0 .248 0.0192 0 .7 7
3 .205 0 .318 0.0198 0 .7 3
4 .718 0 .664 0.0210 0 .  97
6 .323 1.014 0.0211 1.26
7 .251 1.279 0.0192 1.56
7 .251 1.408 0 .0198 1.47
9.495 2 .072 0 .0185 2 .01
10.960 2 .525 0 .0200 2 .11
10.960 2 .611 0.0201 2 .08
12.520 2 .590 0.0211 2.35
12.520 3 .453 0.0188 2 .41
11.200 3 .415 0.01521 2.56
11.200 3.431 0.0153 2 .53
11.200 3 .674 0.0146 2 .58
11.200 3.884 0.0134 2 .73
11.200 4.062 0.0124 2.87
11.200 4 .597  . 0 .0119 2 .76
5.195 1.894 0.0103 1.60
7 .461 2.671 0.0108 2 .22
7 .461 3.075 0 .0100 2 .20
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Table A2.3 Data for the Adsorption of Ethyl 4—aminobenzoate by
Active Carbon at pH 2.32 (0.5M ionic strength) and 30°.











1 .24 0 .16 0.0217 0 .25
1 .2 4 0 .20 0.0198 0.26
2 .4 5 0 .45 0.0221 0 .4 5
2 .4 5 0 .78 0.0169 0.49
3 .6 8 0 .99 0.0216 0 .62
3 .6 8 1.37 0 .0168 0.69
4 .9 0 1 .58 0.0203 0.82
6 .1 7 1.89 0.0194 1 .10
6 .1 7 1 .58 0.0199 1.16
7 .3 9 2 .73 0.0201 1 .16
7 .39 2 .70 0.0213 1 .10
8 .6 5 4 .1 2 0.0189 1 .20
8 .6 5 3.62 0.0203 1 .24
9 .2 5 3.73 0.0194 1.42
9 .2 5 4,82 0 .0168 1 .32
18 .47 9.43 0.0225 2 .0 1
27 .81 17 .35 0.0207 2 .5 3
2 7 .81 17 .75 0.0202 2 .49
3 7 .0 8 25 .23 0.0226 2.62
4 6 .3 6 33 .06 0.0222 3 .0 0
4 6 .3 6 33 .83 0.0213 2.94
5 5 .9 0 4 2 .41 0.0195 3 .51
5 5 .90 4 2 .7 0 0 .0188 3 .46
6 4 .7 8 5 0 .75 0.0212 3 .31
71.28 5 9 .0 2 0.0163 3 .7 6
71.28 5 7 .8 0 0.0192 3 .51
74.16 60 .87 0.0195 3 .4 0
Table A2.4 Data f or th e  A dsorption  of Phenol on to  A ct iv e  
Carbon a t  pH 2 .3 2  ( io n ic  s tr e n g th  0.5M) and 30 ° .
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M X 10 M X 10
1.037 0 . 746 0 .0191 0 .77
1 .5 7 6 1 .181 0.0197 1 .00
2 .5 7 6 2 .0 5 6 0.0194 1 .34
3 .1 1 1 2 .4 4 7 0.0215 1 .54
4 .1 3 5 3 .437 0.0182 1.92
4 .6 7 0 3 .8 0 9 0.0217 1 .99
5 .1 4 5 4 .3 4 5 0.0196 2 .0 5
5 .1 4 5 4 .2 7 7 0.0206 2 .10
0 .628 0 .4 4 8 0.0202 0 .4 5
0 .628 0 .4 5 7 0.0192 0 .45
1 .261 0 .9 3 5 0 .0212 0 .7 7
1 .261 0 .9 1 1 0.0215 0 .82  .
1 .901 1 .4 7 8 0.0221 0 .96
1 .901 1 .4 4 0 0 .0214 1 .08
2 .512 1 .984 0.0193 1.37
2 .512 1.997 0 .0203 1.27
3 .1 5 2 2 .5 4 2 0 .0204 1 .50
3 .1 5 2 2 .5 1 9 0 .0203 1 .56
3 .7 9 0 2 .9 8 8 0.0231 1 .74
3 .7 9 0 3 .0 8 4 0.0205 1 .75
4 .4 5 7 3 .7 5 3 0.0193 1.83
4 .4 5 7 3 .7 0 3 0 .0191 1.97
5 .0 7 5 4 .3 9 7 0 .0176 1.93
5 .0 7 5 4 .2 1 1 0.0210 2 .06
397
Table A2.5 Data for the Adsorption of 4-methoxybenzole acid on to
Nylon 6 Coated Active Carbon at pH 2.32 (ionic strength 0.5M) and 30°.
I n i t i a l  Equilibrium  Adsorbent Uptake
C oncentration  C oncentration  w eight gramme _ _ - 1mol Kg
M X 10* M X 10^
1.261 0.267 0.0106 0 .47
1.261 0 .378 0.0086 0 .71
2 .492 0 .405 0.0106 0 .99
2 .492 0 .505 0.0108 0.92
3 .7 4 2 1 .754 0.0090 1.11
3 .7 4 2 1 .360 0.0100 1 .19
4 .993 2.331 0.0082 1.62
4 .9 9 3 1.869 0.0113 1.38
6 .328 3 .399 0 .010 2 .03
6 .328 2.929 0.016 1 .89
7 .5 9 1 3 .415 0.010 2.09
7 .5 9 1 3 .852 0.0089 2 .18
8 .772 4 .855 0.0092 2 .13
8 .772 4 .321 0.0098 2.28
10 .100 6 .308 0.0100 2 .55
10 .100 5 .212 0.0092 2 .65
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Table A2.6 Data for the Adsorption of 4-nitrophenol on to
Nylon 6 Coated Active Carbon at pH 2.32 (ionic strength 0.5M) and 30^













0.613 0 .155 0.0210 1.09
0 .613 0 .241 0 .0160 1.16
1 .246 0 .478 0.0205 1.87
1 .246 0 .577 0.0190 1 .76
1 .843 1.080 0.0186 2 .05
1 .843 0 .953 0.0209 2 .1 2
2 .4 8 6 1.510 0 .0187 2.62
2 .4 8 6 1.439 0.0208 2 .52
3 .095 1.951 0.0219 2 .61
3 .095 2 .078 0.0196 2.59
3 .6 8 6 2.726 0.0195 2.47
3 .6 8 6 2 .4 7 8 . 0 .0213 2 .84
4 .3 4 7 3.084 0.0200 3 .16
4 .3 4 7 3 .050 0.0216 3 .0 0
4 .9 4 0 3.593 0.0209 3 .23
9 .9 4 6 8.516 0.0194 3 .68
9 .946 8.325 0.0209 3.89
19 .890 18 .300 0.0202 3.94
19 .890 18.370 0.0207 3 .67
29 .8 7 0 28 .220 0 .0203 4 .0 6
29 .8 7 0 28 .210 0.0201 4.13
4 0 .0 4 0 38 .260 0.0191 4.66
4 0 .0 4 0 38 .260 0.0205 4 .35
50 .0 8 0 48 .230 0.0196 4 .72
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Table A2.7 Data for the Adsorption of Ethyl 4-amlnobenzoate on to
Nylon 6 Coated Active Carbon at pH 2.32 (ionic strength 0.5M) and 30°














0.796 0.242 0 .0230 1 .2 0
0 .7 9 6 0 .246 0 .0240 1.15
1 .6 3 3 1.037 0.0196 1 .5 2
1 .6 3 3 0 .9 7 2 0.0189 1 .75
2 .4 1 4 r.665 0.0190 1.97
2 .414 1.591 0 .0204 2 .0 2
3 .2 6 0 2.441 0.0209 1 .9 6
3 .2 6 0 2 .335 0 .0222 2 .0 8
4 .0 4 5 3 .174 0.0198 2 .2 0
4 .0 4 5 3.171 0.0208 2 .1 0
4 .9 1 2 3 .943 0.0218 2 .2 2
4 .9 1 2 3 .931 0 .0222 2 .2 1
5 .783 4 .880 0.0207 2 .1 8
6.627 5 .686 0.0216 2.28
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Table A2.9 Data fo r  th e  A bsorption o f  4 -n itro p h en o l and Phenol 
from Binary Mixed S o lu t io n  on to  A c t iv e  Carbon a t  pH 2 .3 2  (0.5M 
i o n ic  s tr e n g th )  and 30° .
401
I n i t i a l  Concei
3
X 10 M








4-n itro p h en o l phenol 4 -n itrop h en o l phenol 4 -n itrop h en o l phenol
0 .126 5 .106 0 .034 4 .316 0.0224 0.21 1 .76
0 .126 5.106 0.020 4 .067 0 .0291 0 .13 1.79
0 .2 5 2 5 .125 0 .070 4 .494 0 .0184 0.49 1.71
0 .2 5 2 5.125 0 .058 4.351 0 .0208 0 .47 1.86
0 .3 7 7 5 .098 0.106 4 .4 7 8 0.0190 0.72 1.63
0 .3 7 7 5 .098 0 .104 4 .521 0.0182 0 .7 5 1 .58
0 .5 0 2 5.128 0.159 4.601 0 .0178 0 .97 1 .48
0 .5 0 2 5.128 0.172 4 .5 0 4 0.0199 0 .8 3 1.57
0.628 5.098 0.217 4 .496 0.0216 0 .95 1.39
0.628 5.098 0 .191 4.489 0.0211 1 .09 1.45
0 .7 5 0 5.141 0 .264 4 .605 0.0184 1 .3 2 1 .46
0 .7 5 0 5.141 0 .266 4 .636 0 .0178 1 .36 1 .42
0 .873 5.145 0 .307 4 .622 0 .0193 1 .47 1 .36
0 .873 5.145 0 .447 4 .718 0.0193 1.11 1.11
0 .993 5.093 0.431 4 .7 0 0 0.0181 1.56 1 .08
0 .993 5.093 0 .431 0 .577 0.0214 1.31 1.02
0 .9 8 5 1.605 0.349 1.333 0.0223 1 .4 2 0 .61
0 .9 8 5 1.605 0 .368 1 .358 0.0186 1.66 0 .67
0 .9 8 8 2 .130 0.412 1 .805 0.0208 1.39 0 .7 8
0 .9 8 8 2.130 0 .320 1 .798 0.0220 1.52 0 .76
0 .9 8 6 2.562 0 .380 2 .288 0.0190 1 .6 0 0.72
0 .983 2.562 0 .403 2 .277 0.0210 1.39 0.68
0 .9 8 8 3.102 0 .356 2.688 0.0203 1 .56 1.02
0 .9 8 8 3.102 0.431 2 .780 0.0168 1.66 0.96
0 .9 9 0 3.642 0.336 3 .343 0.0190 1 .71 0 .7 8
0 .9 9 0 3.642 0 .380 3 .270 0.0183 1 .67 1.02
0 .9 7 4 4.098 0 .486 3 .657 0.0189 1 .29 1.17
0 .9 8 0 4 .098 0.486 3 .708 0.0190 1 .3 0 1 .03
0 .9 8 8 4.570 0 .354 4 .080 0.0220 1 .4 4 1.11
I 0 .990 5 .143 0.351 4.628 0.0201 1.59 1.28
0 .990 5.143 0 .364 4 .697 0.0186 1.68 1.20
2 .9 8 7 1.810 1 .804 1.666 0.0194 3 .05 0.37
2 .9 8 7 1.810 1.805 1.595 0 .0194 3 .0 4 0 .5 5
3 .0 4 0 2 .323 1.805 2 .131 0.0195 3.17 0.49
3 .0 1 9 2.800 1.801 2 .168 0 .0198 3 .0 8 0 .46
3 .0 1 9 2 .800 1.750 2.561 0.0199 3 .1 9 0 .6 0
2.992 3.355 1.734 3 .099 0.0201 3.13 0 .64
2 .992 3.849 1.716 3 .578 0.0211 3 .02 0 .64
^  2 .992 3.849 1.716 3.549 0.0199 3 .2 0 0 .75
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Table A2.9 /  Continued.











4 -n itro p h en o l phenol 4 -n itro p h en o l phenol 4 -n itro p h en o l phenol
2 .992 4 .3 4 4 1 .758 4 .0 4 4 0 .0202 3 .0 5 0 .7 4
2 .992 4 .344 1 .800 4 .059 0.0197 3 .0 2 0 .72
2 .992 4 .9 4 4 1 .802 4 .6 0 4 0.0184 3 .2 3 0 .92
2 .9 8 7 5 .375 1 .802 5 .067 0.0190 3 .1 2 0 .81
4 .9 7 8 1 .820 3 .666 1 .703 0.0177 3.71 0 .3 3
4 .9 7 8 1 .820 3 .587 1.721 0.0209 3 .3 3 0 .2 4
4 .9 6 4 2 .320 3 .702 2 .163 0.0198 3 .1 9 0 .4 0
4 .9 6 4 2 .320 3 .713 2 .138 0.0184 3 .4 0 0 .49
4 .9 6 4 2 .896 3 .609 2 .713 0.0190 3 .57 0 .4 8
4 .9 6 4 2 .896 3 .6 3 2 2 .701 0 .0203 3 .28 0 .48
4 .9 6 4 3 .356 3 .721 3 .166 0.0183 3 .4 0 0 .5 2
4 .9 6 4 3 .356 3 .723 3 .116 0.0183 3 .01 0 ,6 0
4 .9 7 1 4 .029 3 .616 3 .745 0.0202 3 .3 5 0 .7 0
4 .9 7 1 4 .029 3 .632 3 .792 0.0194 3 .4 5 0 .61
4 .9 7 1 4 .5 0 0 3.683 4 .311 0 .0192 3 .3 5 0 .49
4 .9 7 1 4 .5 0 0 3 .632 4 .357 0 .0192 3 .49 0 .37
4 .9 6 4 4 .938 3 .553 4 .789 0 .0186 3 .79 0 .4 0
4 .9 6 4 4 .938 3 .576 4 .690 0 .0204 3 .4 0 0 .61
4 .9 6 4 5 .381 3 .914 5 .184 0 .0187 - 2 .81 0 .53
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Table A2.15 The Effect of Stirring Rate on the Kinetics of Uptake
of 4-nitrophenol on to 20 gramme of Active Carbon at pH 2.32 (ionic
strength 0.5M) and 30° from 1000ml of 9»99xlO^M Adsorbate Solution.
S h aft Speed Adsorbent Time -x/Time R esidual Uptake_j^
RPM w eig h t(g ) (Min) nJ/^Min) C oncentration  mol Kg
700 2.001
800 2 . 002
900 2 . 000
1000 2.000
900 2.001
1000 2 . 003
1 1.0 9.43 2.79
2 1.4 9 . 08 4 . 57
4 2. 0 8.29 , 8 . 5 1
6 2 . 4 7 . 70 11 . 43
9 3. 0 7 . 00 14.92
16 4 . 0 5 . 74 21 . 26
22 4. 7 4 . 95 2 5 . 1 8
4 2 . 0 8.29 8.49
9 3 . 0 6 . 67 16 . 54
13 3. 6 5.83 2 0 . 72
16 4 . 0 5 . 32 23 . 29
20 4. 5 4 . 79 2 5 . 9 1
25 5 . 0 4 . 21 28 . 82
1 1.0 9.48 2 . 54
2 1.4 9 . 02 4 .83
4 2. 0 8 . 19 9 . 03
6 2 . 4 7.49 12 . 52
9 3 . 0 6.72 16 . 33
16 4 . 0 5.41 22 . 91
22 4. 7 4 . 63 26. 82
1 1.0 9.41 2 .92
2 1.4 8.97 5 . 08
4 2 . 0 8 . 11 9 . 40
6 2. 4 7 . 46 12 . 64
9 3. 0 6 . 60 16. 96
16 4. 0 5 . 25 2 3 . 7 0
22 4.7 4 . 37 28 . 08
1 1.0 9 .48 2 . 03
2 1.4 8.92 4. 83
4 2.0 8 .10 8.96
6 2. 4 1.59 1 1 . 50
9 3 . 0 6.72 15.82
16 4 . 0 5 . 43 22 . 28
22 4 . 7 4 . 58 2 6 . 5 5
2 1.4 8.92 4.82
3 1.7 8 . 52 6 . 86
4 2. 0 8 . 10 8.95
6 2. 4 7 . 46 12 . 12
9 3 . 0 6 . 70 15 . 93
13 3. 6 5 .28 2 3 . 03
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Table A2.18 The R ate of Uptake fo r  4~n itrop h en o l on to  0 .5  gramme
o f  A ctiv e Carbon from 1000ml of S o lu t io n  a t  pH 2 . 32 (0.5M io n ic
s tr e n g th ) and 3 0 ° .
Time Time^, C oncen tration Uptake
(min). (mins ) 3X 10 M mol Kg ^
I n i t i a l  C oncentration  1
_3
.983 X 10 M.
2 . 0 1.4 1.934 0. 088
5 . 0 2 . 2 1.952 0.019
6 . 0 2. 4 1.879 0.198
8 . 0 2 . 8 1.838 0.279
10. 0 3 . 2 1.795 0.365
13 . 0 3. 6 1.777 0.400
15 . 0 3 . 9 1.751 0.453
18 . 0 4 . 2 1.716 0.521
22 . 0 4 . 7 1.701 0.551
4 9 . 0 7. 0 1.520 0.914
60 . 0 7.7 1.482 1.000
80 . 0 8. 9 1.403 1.148
100 .0 10. 0 1.340 1. 273
120.0 11. 0 1 . 340 1.283
192. 0 13 . 9 1.235 1.492
252.0 15 . 9 1.157 1.648
300 . 0 17 . 3 1.139 1.684
Table A2.19 The Rate of Uptake Data for 4-methoxybenzolc acid
on to 1.0 gramme of Active Carbon from lOOOml of Solution at
pH 2.32 (0.5M ionic strength) and 30°.
Time T im e \ C oncentration Uptake
(min) (mins ) 4M X 10 —1mol Kg
I n i t i a l C oncentration  1 . 003 x
-3
10 M.
2.0 1. 4 9.420 0.061
5 . 0 2.2 9.339 0. 068
6.0 2 . 4 8.627 0.140
8.0 2 .8 8.303 0.172
10.0 3 . 2 7.785 0.224
12.0 3. 5 7.785 0.224
15.0 3 . 9 7.348 0 . 268
18.0 4 . 2 7.251 0.277
22.0 4 . 7 6.862 0.316
60.0 7 . 7 4.066 0.497
76.0 8.7 4. 050 0.598
120.0 11.0 3.548 0.648
180.0 13.4 2 .836 0.720
240 . 0 15.5 2 .460 0.758
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Table A2.2 2 The R ate of Uptake Data fo r  4-m ethoxybenzoic acid  
on to  1 .0  gramme of Nylon 6 Coated A c tiv e  Carbon from lOOOml of 
S o lu t io n  a t  pH 2 . 3 2  (0.5M io n ic  s tr e n g th ) and 30° .
Time
(m in)








6 .0 2 .4 9.452 0.062
13. 0 3 . 6 9.102 0.097
2 0 . 0 4 . 5 8.753 0.135
24 . 0 4 . 9 8.533 0.154
3 0 . 0 5 . 5 8.222 0. 188
36 . 0 6 . 0 8.299 0.177
4 8 . 0 6 . 9 7 .742 0.233
60 . 0 7.7 7.510 0.256
140.0 11.8 5 .807 0.430
142.0 11 . 9 5. 606 0. 450  '
150.0 12. 2 5.477 0.463
220. 0 14.8 4.881 0.522
240.0 15.5 4. 558 0.555
270. 0 16.4 4 . 350 0.575
300. 0 17. 3 4. 066 0.604
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CALCULATION 
o f  th e




THE CHARACTERISATION of DIFFUSION w ith  NON-LINEAR ADSORPTION.
The d i f f u s io n  of s o lu te  m olecules w ith in  carbon g ran u le s  g iv es  
r i s e  to  th e  long e q u i l ib r a t io n  tim es c h a r a c t e r i s t i c  of such so rb en t 
m a te r ia ls .  The p re se n t s e c t io n  re p re s e n ts  an approach to  th e  
p a r t i a l  c h a r a c te r i s a t io n  of i n t r a p a r t i c l e  mass t r a n s f e r  by th e  
s e p a ra t io n  and e v a lu a tio n  of th e  d i f f u s iv e  component of t h i s  p ro c e ss . 
M easurements of th e  r a t e  of s o rp tio n , to g e th e r  w ith  s e p a ra te  
measurement of th e  s o rp tio n  iso therm  a r e  used to  o b ta in  th e  average 
d i f f u s io n  c o e f f ic ie n t  from a num erical in te g r a t io n  of th e  
c o n se rv a tio n  of d i f f u s in g  mass eq u a tio n . T his te ch n iq u e  p e rm its  
re d u c tio n  of experim en tal k in e t ic  p r o f i l e  d a ta  to  a common p aram ete r 
to  f a c i l i t a t e  sy stem -to -sy stem  com parisons.
A .3 .1  The C o n serv a tio n  of D iffu s in g  Mass E q u a tio n .
D uring th e  p ro c e ss  of a d so rp tio n , mass i s  conserved bu t 
d i s t r ib u te d  w ith in  th e  so rb en t g ran u le  and th e  b u lk  s o lu t io n .  The 
c o n se rv a tio n  of d i f f u s in g  mass eq u a tio n  (E quation  A .3 .1 ) r e p re s e n ts  
th e  mass t r a n s f e r  w ith in  th e  g ra n u le . In  h ig h ly  a c t iv e  carbons, 
s o lu te  m olecu les may be e i th e r  adsorbed o r f r e e  to  d i f f u s e ,  bo th  
p ro c e sse s  being  of equal im portance .
_ 2
dC^ = Dd_Cc —    (A .3 .1 )
d t  dx d t
where C = th e  c o n c e n tra tio n  of s o lu te  in  th e  carbon 
c
f r e e  to  d i f f u s e  
t  = tim e
X = d is ta n c e  w ith  r e s p e c t  to  th e  d i r e c t io n  of
mass t r a n s f e r
N = th e  mass of s o lu te  adsorbed  and n o t f r e e  to
c
d if f u s e
D = th e  d if f u s io n  c o e f f ic ie n t  \
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E quation  A .3 .1  s t a t e s  th a t  th e  r a t e  of in t r a p a r t ic le ,m a s s  t r a n s f e r  
i s  g iv en  by dC ^/d t + dN ^/dt which u l t im a te ly  a f f e c t s  th e  r a t e  of 
removal of s o lu te  from s o lu t io n .  The s o lu t io n  of e q u a tio n  A .3 .1  
i s  v i r t u a l l y  im possib le  by s tan d a rd  c a lc u lu s  due to  th e  com plexity  
in tro d u ced  by th e  n o n - l in e a r  iso th e rm . The num erical in te g r a t io n  
o f e q u a tio n  A .3 .1  i s  r e l a t i v e ly  more sim ple and w i l l  be p re se n te d  
h e re .
A .3 .2  Reduced V a ria b le s .
The r e la t io n s h ip  g iven  in  e q u a tio n  A .3 .1  d e sc r ib e s  th e  g e n e ra l 
d i f f u s io n  s i t u a t i o n  f o r  one dim ension o n ly , however, i f  th e  a c t iv e  
carbon so rb e n t i s  ta k en  to  be s p h e r ic a l ,  e q u a tio n  A .3 .1  must be 
m odified  to  account f o r  th r e e  d im ensional mass flo w . In  s p h e r ic a l  
c o -o rd in a te s ,  mass d i f f u s e s  and i s  d e p o sited  along th e  sphere  
ra d iu s  \d iich  i s  re fe r re d  to  as r a d ia l  flow . The e q u a tio n  
co rresp o n d in g  to  r a d ia l  flow  \d iich  i s  e q u iv a le n t to  eq u a tio n  A .3 .1 , 
i s  g iven  in  e q u a tio n  A .3 .2 .
i £ c  * D d /  r  . I  -  M e  ................ (A3.2)
d t r^  d r y  d r /  d t
where r  = th e  r a d ia l  d is ta n c e  moved by th e  s o lu te  a f t e r
tim e t .
E quation  A3.2 can be so lved  prov ided  th a t  c e r ta in  boundary 
c o n d itio n s  a re  d e fin ed  to  accoun t fo r  mass t r a n s f e r  between th e  
s o lu t io n  phase and th e  carbon p h ase . The boundary c o n d itio n  
a p p ro p r ia te  to  s o rp tio n  from a l im ite d  volume i s  th e  c o n se rv a tio n  
o f d i f f u s in g  mass e q u a tio n  (e q u a tio n  A .3 .3 ) .
r=a
VC = VC* X 5 (C + N ) 471 r ^ .d r  .................. (A .3 .3 )
o •' c c
r=o
where V = s o lu t io n  volume.
C = i n i t i a l  c o n c e n tra tio n  o f s o lu te ,
o
C* = th e  c o n c e n tra tio n  a t  th e  boundary o f th e
c
g ra n u le (s )
a = th e  ra d iu s  o f th e  carbon so rb e n t.
X = th e  number of carbon g ran u le s  p re s e n t .
The term  VC d e f in e s  th e  t o t a l  mass in  th e  s o lu te  which a f t e r  o
commencement o f th e  d e te rm in a tio n  e x i s t s  e i th e r  in  s o lu t io n ,  VC^, 
o r in  th e  so rb e n t, g iven  by th e  in te g r a l  term  in  e q u a tio n  (A .3 .3 ) .  
The r a t e  a t  which th e  s o lu t io n  i s  d e p le ted  of s o lu te  w i l l  
th e re fo re  depend upon th e  num erical v a lu e  of th e  in te g r a l  term  
which in  tu rn  i s  o b ta in ed  by s o lu t io n  of eq u a tio n  (A .3 .2 ) .
The s o lu t io n  of eq u a tio n  A .3 .2  in v o lv in g  th e  d e te rm in a tio n  of D, 
by th e  C rank-N icholson method o f num erical approx im ation  i s  more 
co n v en ien tly  ach ieved  u s in g  d im en sio n less  o r reduced v a r ia b le s .
The v a r ia b le s  used in  eq u a tio n s  A .3 .2  and A .3 .3  a re  reduced as 
fo llo w s
C , n  = N ,  p  = r  & T = Dt
c c
C C a a :o o
Using th e se  reduced v a r ia b le s ,  eq u a tio n s  A .3 .2  and A .3 .3  may be 
r e - w r i t te n
M  “ \2  à , d c \  -  din ..................  (A .3 .4 )
dr P d p y  d p i  dr
fo re  be superim posed upon the  ex p erim en ta l curve by a d ju s t in g  th e  
num erical v a lu e  o f D. The v a lu e  o f D th a t  ach iev es  th e  h ig h e s t  degree 
of co in c id en ce  i s  th e  s o lu t io n  to  e q u a tio n  A .3 .2  fo r  th e  boundary 
c o n d itio n  g iven  in  e q u a tio n  A .3 .5  and th e  i n i t i a l  c o n d itio n  : 
c = 0 a t  Q fo r  1.
The s o lu t io n  of eq u a tio n  A.3 .2  u sin g  th e  C rank-N icholson method i s  
la b o rio u s  and, as such , i s  more e a s i ly  ach ieved  by com puter. A 
m odified  v e rs io n  o f a programme developed by Weber and Rumer (S ec tio n  
1 .6 .2 .  ) i s  g iven  in  appendix  4.
This program  i s  used fo r  a l l  d e te rm in a tio n s  o f D.
A .3 .6  THE CALCULATION OR D BY CURVE MATCHING OF SIMULATED AND 
EXPERIMENTAL RESULTS.
A .3 .6 .1  The D iffu s io n  of 4 -n itro p h e n o l in  A c tiv e  Carbon.
The s o rp tio n  r a t e  p r o f i l e s  o f 4 -n itro p h e n o l by a c t iv e  carbon 
were used to  examine th e  v a l i d i t y  o f th e  pore  d i f f u s io n  w ith  
a d so rp tio n  model and th e  subsequen t method o f c a lc u la t in g  D. The 
c a lc u la t io n  p rocedure  should  g ive  r i s e  to  a c o n s ta n t v a lu e  o f D 
fo r  d i f f e r in g  c o n d itio n s  of i n i t i a l  c o n c e n tra tio n  and g ran u le  
w e ig h t.
A .3 .6 .2  Im plem entation  o f th e  C a lc u la tio n  P roced u re .
The computer programme was i n i t i a l l y  run  to  g e n e ra te  the  
th e o r e t i c a l  s o rp tio n  k in e t i c  p r o f i l e  u s in g  8 to  20 c o n c e n tr ic  
s h e l l s  to  o b ta in  optimum accuracy  o f p lo t t in g  over th e  f u l l  range 
o f r e s id u a l  c o n c e n tra tio n . The ex p erim en ta l and s im u la ted  curves 
fo r  th e  s o rp tio n  of 4 -n itro p h e n o l on to  2 gramme o f  a c t iv e  carbon 
from 1000 ml of a  10 ^ M s o lu t io n  a t  30° and pH 2 .32  (0.5M io n ic  
s t r e n g th )  a re  g iven  in  f ig u re s  4 .5  and 4 . 4  r e s p e c t iv e ly .
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p =0 p=l p*2 P=3 p*4
P =0 RADIAL DISTANCE
F ig u re  A .3 .1  Schem atic R e p re se n ta tio n  of th e  Elem ents of th e
D if fu s io n  Space and Time fo r  a Homogeneous Sphere R ep resen tin g  an
A ctive  Carbon G ranu le .
F ig u re  A .3 .1  shows a sp h ere  ra d iu s  which has been subd iv ided
in to  4 s h e l l s  (p = 4) of equal d is ta n c e , d ^  , such th a t  (^0 = 0 .2 5 p .
The s o lu te  c o n c e n tra tio n  a t  th e  su rfa c e  and th e  in te r f a c e  between
s h e l l s  3 and 4, and 2 and 3 a re  d esig n a ted  c , c and c »
m+1 m m-1
re s p e c t iv e ly .  The c o n c e n tra tio n  of s o lu te  a t  th e se  p o in ts  a t  th e
nex t increm ent in  tim e, 7 ^  +d a re  d esig n a ted  c* , c*
m+1 m m—1 ’
re s p e c t iv e ly .  The amount of s o lu te  im m obilised a t  th e  in te r f a c e  
betw een sp h eres  3 and 4 a t  tim e = 7 ^ and tim e “ 'T ^ + d T ^ a re
d esig n a ted  n and n* r e s p e c t iv e ly ,  m m
3V -  + 3x \  (c I- n )p  . d p ,   (A .3 .5 )
4 7Ta^ 4Xa®
p=o
A .3 .3 . C h a ra c te r is a t io n  o f S o lu te  Flow in  th e  S o rb en t.
The i n i t i a l  mass o f s o lu te  in  th e  system  a t  th e  commencement o f 
th e  experim ent and th a t  which rem ains in  s o lu t io n  a f t e r  a c e r ta in  
e lap sed  tim e can be m easured d i r e c t l y .  The amount of s o lu te  p re s e n t  
in  th e  carbon g ran u le  and i t s  d i s t r i b u t io n  w ith  r e s p e c t  to  r a d ia l  
d is ta n c e  cannot be d i r e c t l y  m easured. As th e  r a t e  c o n tro l l in g  
p ro cess  i s  in t r a s o r b e n t  mass t r a n s f e r  i t  i s  n e ce ssa ry  to  s im u la te  
mass t r a n s f e r  w ith in  th e  so rb e n t, n u m e ric a lly , a cco rd in g  to  th e  
c h a r a c t e r i s t i c s  of e q u a tio n  A .3 .4  fo r  th e  boundary c o n d itio n  g iven  
in  e q u a tio n  A .3 .5 . The r e s u l t  o f t h i s  p rocedure  w i l l  be a s im u la ted  
p lo t  o f c * v e rsu s  H T .
I f  th e  model used to  develop e q u a tio n  A .3 .5  i s  an a c c u ra te  
r e p re s e n ta t io n  of th e  a c tu a l  p ro c e ss , th e  s im u la ted  cu rve  o f c* v e rsu s  
'Y should  have a s im ila r  fu n c t io n a l  form to  th e  ex p erim en ta l 
r e s id u a l  c o n c e n tra tio n  v e rsu s  tim e curve D can be o b ta in ed  by 
curve m atching as d e sc rib e d  in  s e c t io n  1 ,6 .2 .
A .3 .4  The Use of F in i te  D iffe re n c e  R a tio s  to  O btain  th e  Sim ulated 
Curve.
The d i f f e r e n t i a l  term s in  e q u a tio n  A .3 .5  can be re p la c e d  by 
f i n i t e  d i f f e r e n c e  r a t i o s  (Crank 1956). The ra d iu s  of th e  " s p h e r ic a l"  
so rb e n t i s  su b d iv ided  in to  p equal in te r v a l s  o f le n g th  dyO which 
e f f e c t iv e ly  d iv id e s  th e  r e s u l t in g  s p h e r ic a l  s o l id  o f r e v o lu tio n  
in to  p c o n c e n tr ic  s h e l l s .  The purpose o f t h i s  p rocedu re  i s  to  
enab le  th e  c o n c e n tra tio n  of s o lu te  a t  each s h e l l - s h e l l  in te r f a c e  to  
be c a lc u la te d  w ith  re s p e c t  to  tim e . The s u b d iv is io n  o f tim e and
The l e t t e r  p i s  used to  in d ic a te  th e  a b so lu te  p o s i t io n  of th e  
in te r f a c e  w ith  re s p e c t to  th e  r a d iu s , and m i s  used to  deno te  
r e l a t i v e  p o s i t io n ,  th e re fo re  w ith  re fe re n c e  to  th e  in te r f a c e  betw een 
s h e l l s  th re e  and fo u r , m = (p -1 )=3. The s o lu t io n  of e q u a tio n  A .3 .4  
i s  o b ta in ed  by su b d iv id in g  th e  tim e and r a d ia l  dim ensions in to  
sm all in c rem en ts  such th a t  th e  c o n c e n tra tio n  change w ith  re sp e c t to  
tim e and r a d ia l  d is ta n c e  i s  e s s e n t i a l ly  l i n e a r .  I f  t h i s  approx im ation  
i s  made, th e  d i f f e r e n t i a l s  in  eq u a tio n  A .3 .4  can be re p laced  by 
f i n i t e  d if f e r e n c e  r a t i o s  as shown below
) -  2m (c + c ’ ) 
m m1 d /  p  .d c  A  -  1 -  2» ( V
. . (A .3 .6)
dc » c* -  c . . . (A .3 .7)—  m m
à T  ---------------
d T
dn = n* -  n . . . . ( A . 3 .8 )
— m m 
d T  d T
S u b s t i tu t io n s  of th e  r e la t io n s h ip s  in  eq u a tio n s  A .3 .6 , A .3 .7  and 
A .3 .8  in to  e q u a tio n  A .3 .4  g iv es  e q u a tio n  A .3 .9
I  ,
^  + c* )C-(c* -  c ) . . .  (A .3 .9)
m-1 m-1 1 m m
t . ^  4(m +l)(c + c* ) -  2m (d + c ')n = n + d /  -4 m+1 m+1 m m
“  “  2m(dp)2
i + (m-1) (c^
W ith re fe re n c e  to  f ig u r e  A .3 .1  e q u a tio n  A .3 .9  i s  used to  c a lc u la te  n/ 
a t  tim e 7 ^ +d7^, u s in g  th e  c o n c e n tra tio n s  a t  th e  p o in ts  in  tim e 
in d ic a te d  by th e  c lo sed  c i r c l e s .  C a lc u la tio n  of th e  d i s t r i b u t io n  of 
s o lu te  w ith in  th e  g ranu le  w ith  re sp e c t to  tim e proceeds as fo llo w s .
1) The i n i t i a l  c o n d itio n  fo r  th e  s o lu t io n  o f th e  d if f u s io n  
e q u a tio n  i s  :
c = 0 a t  ^  -  0 fo r  0 ‘£ * ^ '5 ' 1*
This means th a t  the  so rb e n t i s  i n i t i a l l y  f r e e  o f s o lu te  which i s  
p re s e n t on ly  in  th e  su p e rn a ta n t s o lu t io n .  C onsequently  c , a t  p * 4 . 
i s  eq u a l to  1 , and a t  a l l  o th e r  v a lu e s  o f p i t  eq u a ls  z e ro .
2) The v a lu e  o f n*^ a t  tim e = 0 + d where m=p-l i s  o b ta in ed  u sin g
e q u a tio n  A .3 .9 . At tim e = 0, c ( c . )  eq u a ls  1 and c and c .
m + 1 4  m m—1
b o th  equal z e ro . I t  i s  conven ien t to  make th e  c* v a lu es  equal 
th e  c v a lu es  i n i t i a l l y  as th e  l i k e ly  d if f e r e n c e  betw een them 
i s  sm a ll.
3) V alues o f n co rrespond ing  to  v a lu e s  o f c a re  o b ta in ed  u s in g
th e  Langmuir eq u a tio n  in  d im en sio n less  form , re p la c in g  th e
norm al v a r ia b le s  w ith  reduced v a r ia b le s  (e q u a tio n  A .3 .1 0 ) .




4) Having c a lc u la te d  n^ a t  m = p -1 , n^ a t  m = p -2  i s  o b ta in ed  
u s in g  e q u a tio n  A .3 .9 . A ll v a lu es  o f n* a re  c a lc u la te d  fo r  th e  
ra d iu s  moving an in te r f a c e  tow ards th e  core  o f th e  sphere  each 
tim e .
5) As m-1 where m = p-p  i . e .  th e  c e n tre  o f th e  sphere  where p=‘0, 
an approxim ate f i n i t e  d if f e r e n c e  approx im ation  to  e q u a tio n  A .3 .9  
i s  used (e q u a tio n  A .3 .1 1 ) .
3 d7^(c* + c ) -  (c* + c ) î -  (c* -  c ) . . .  (A .3 .1 1 ) .— y  ^ 1 i  o  o j  o on ’ = n +
°  °  (d^2)
The p rocedure  to  th i s  p o in t i s  summarised in  f ig u re  A .3 .2  S ec tio n s  
1 to  4.
6) When th e  whole tim e from m = p-1  to  m=o has been e v a lu a ted  
1
(c + n ) . d j^  i s  r e a d i ly  c a lc u la te d  by u s in g  one of th e
0
w e ll known form ulae fo r  num erical in te g r a t io n .  For example,
Simpson*s o n e - th ird  ru le  g ives
1
l ( c  + n )Z )^  . d /2  = 1 (dY) P + n^) + 4 (p -l)(C p _ ^  4- n* (p-1) )
g ^  + 4 (c^ + ) 1 . . . ( A .3 .1 2 )
1 2
7) The c a lc u la te d  v a lu e  of j  ( c + n)^D . i s  th en  s u b s t i tu te d
in  to  th e  boundary c o n d itio n  in  e q u a tio n  A .3 .5  to  c a lc u la te  c* , 
t h i s  i s  c^ a tjO  = 1.
8) The v a lu es  o f c* c a lc u la te d  by th i s  p rocedure  a re  th en  used as
new e s tim a te s  and s ta g e s  1 - 7  a re  re p e a te d  u n t i l  no d if fe re n c e
i s  ap p a ren t betw een th e  e s tim a te d  and c a lc u la te d  v a lu e s .
9) The p rocedu re  i s  then  r e s t a r t e d  u s in g  th e  c and n v a lu es  a t  tim e =
0 + 2 d fto  c a lc u la te  c and n v a lu e s  a t  tim e ®= 0 + dTand so on.
The p rocedu re  to  th i s  p o in t i s  summarised in  f ig u re  A .3 .2  S ec tio n s  
5 and 6.
A .3 .5  Curve M atching P ro ce d u re s .
The c a lc u la t io n  p ro ced u re , o u tl in e d  in  th e  p reced in g  s e c t io n ,
e v a lu a te s  th e  boundary c o n c e n tra tio n , o r th e  s o lu t io n  c o n c e n tra tio n
as a fu n c tio n  o f ^  . I f  th e  reduced  v a r ia b le s  a re  co n sid e re d , i t
i s  ap p a ren t th a t  c i s  th e  f r a c t io n  of th e  i n i t i a l  c o n c e n tra tio n  o f
—  2
s o lu te  a t  zero  tim e and • = D t/a  . The s im u la ted  curve can th e r e -
I4i
The s im i la r i ty  in  th e  fu n c tio n a l form of th e  s im u la ted  and experim en tal 
p r o f i l e  su g g es t th a t  th e  model i s  a reaso n ab ly  good re p re s e n ta t io n  of 
th e  s o rp tio n  r a t e  d e te rm in in g  d if f u s io n  p ro c e ss . F i f te e n  v a lu e s  of 
p e rcen tag e  re s id u a l  c o n c e n tra tio n  were s e le c te d  f o r  th e  m atching 
p ro ced u re  which i s  summarised in  ta b le  A 3.1 . The average d i f f u s io n  
c o e f f ic ie n t s  ob ta ined  by t h i s  method a re  d iscu ssed  in  S e c tio n
Table A3.1 C a lc u la tio n  Table f o r  th e  C a lc u la tio n  of D by M atching 
Experim ental and S im ulated Curves of th e  S o rp tio n  K in e tic  P r o f i l e .
P e rcen tage
R esidual
C o n cen tra tio n
tim e 
(mins) 
from F ig .4 .5 from F ig .
Average D iffu s io n
C o e f f ic ie n t
4 .4   ^ -1  m sec
100 0 .0 0.00
95 1.0 0.00 - -1090 2 .0 0.01 1.33 X 10
85 3 .0 0.05 4.45 X 2°"lO80 5 .0 0.05 2.67 X
75 6 .0 0.10 4.45 X 10_io70 8 .0 0.20 6.67 X 10
65 10.0 0.35 9.33 X loZÏS
60 13.0 0.55 11.28 X 10-10
55 16.0 0.85 14.17 X 10-10
50 19.0 1.20 16.84 X 10-10
45 23.0 1.75 20.29 X 10-10
40 28.0 2.40 22.86 X 10-1035 34.0 3.30 25.89 X 10-1030 42.0 5.00 31.75 X 10-1025 53.0 7.70 38.75 X 10-10
20 70.0 13.90 52.96 X 10
mean D=l»76 x 10 
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R e s ta r t  s ta g e  1 
f o r  time*0+2d7^
F ig u re  A3.2; Schem atic R e p re se n ta tio n  o f th e  C a lc u la tio n  o f Mass 




Program A4. 1:  To C a l c u l a t e  the D i f f u s i o  
C o e f f i c i e n t  o f  A c t i v e  Carbon Using  the  
Method o f  F i n i t e  D i f f e r e n c e s  and the  
C onservat io n  o f  D i f f u s i n g  Mass Equation
,i I i c i  I r e a l  :-3 ( a - h  . o - z )
' dimeris i o n  c ( 20w ) .  ^ ( 200 ) ,  cnew { 200 ) ,  snew ( 2 0 0 )  , cc  ( 200 ) 
d i m e n s i o n  c t e m o ( 2 0 0 ) , s t e m p ( 2 0 0 )  
i n t e g e r  p . e m
e x t e r n a l  c o n d i t i o n _  ( d e s c r i p t o r s ) , n o t h i n g  
c a l l  c o n d i t i o n _  ( " u n d e r f l o w " . n o t h i n g )  
r e a u ( 4 5 , 9 9 ? ) p , d o l t , t e n u , a , b , v o l , r a d i u s , e r r , n u m b , i c h e c k , c z , d e n s  
w r i t e ( 6 , 3 3 3 3 ) a , b , v o l . r a d i u s  
d e l r = 1 . / p  
2 P = D +1
r e a d ( 4 5 , 9 9 9 ) t
r e : ; d ( 4 5 ,  9 9 9 ) ( c ( i ) , i  = 1 , i p )  
do 1 0 . i=1 , i p  
c n e w ( i ) = c ( i )  
s  ( i ) = a b * c ( i ) /  ( 1 , +tr*^dabs ( c ( i ) ) ) 
sriew ( i ) = 5 ( i )
10 c o n t i n u e  
c c u r , t e r  = 0 . 0  
15 h = i p - 1  
i  d 9 >• = 0 
20 eo=M-1 
c c e f = d e l t / ( 2 . * e M * d e l r * d e T r )
• L e r n - ( e « - i  . ) ? (  ( c ( m- i  ) 4 c n e y ( M- 1  ) ) )
t e r r t s - ( 0 M + : . )•} ( c( r t  + 1 ) +cnew( m + 1 ) ) - 2 . t e m i ( c ( M ) + c n e w ( M )  ) + t e r m 
i f ( s n c w ( M ) - c n e w ( M ) ) 2 9 , 2 Q , 2 j  
25 s s = s ( h ) + c o e f * t e r M 5 - ( c n e w ( H ) - c ( M ) )
: : ( m ) = d a b s ( s s / ( 9 & b - 5 5 4 b ) )  
i f ( d a b s i 5 s - s n e u ( M ) ) - e r r > s n e w ( r t ) ) 2 9 , 2 9 , 3 0  
23 cc ( m) = c ( « ) 4 cc>9f-t^terms -  ( s n e w ( i i ) - 5  ( fi) )
29 i f ( d a b s ( c c ( m ) - c n e w ( m) ) - e r r ) 4 0 , 4 0 , 3 0
30 i n d e x = l
4 0 c n e y ( M) = c c  (fi)
s n e w ( M ) = a * b s c n e w ( M ) / ( 1 . + b f d a b s ( c n e w ( M ) ) )  
i f ( M - 2 ) 1 0 0 0 , 5 1 . 5 0
50 M=M-1 
C t  C- 20
51 i f ( s n e w ( 1 ) - c n e w ( 1 ) ) 6 0 , 6 0 . 5 5
55 s s = 5 ( 1 ) + ( 3 . * d e l t / ( d c l r * d e l r ) ) * ( c n e w ( 2 ) + c ( 2 ) ) - ( c n e w ( 1 ) - c ( 1))
; c ( 1 ) = d a b s ( s 5 /  ( a : rb- s s ^ t' ) ) 
i f  vda bs ( s 5 - £Vi 9 i j (  i ) ) - e r r ^ ' s n e w (  I ) ) 6 1 , 6 I , 70
60 c :  ( 1 ) = c ( 1 ) r  • 3 . -f-deIt  /  ( d e l r - f ^ de l r  ) ) ( cnew ( 2 ) + c ( 2 ) ) -  ( s ne w(  1 ) - s  ( 1 ) ) 
6 1 i f  ( d a b s ( cc ( 1 ) - c n e w ( 1 ) ■)- e r r  ) 3 0 , 8 0 , 7 0  
70 i n d e x = 1  
80 c n e w ( ! ) = c c ( 1 )
s n e w (1 ) = a-b-»-cnew ( 1 ) /  ( 1 . + bi ’d a b s ( c n e w ( 1 ) ) )
s u n : =0
5um2=0
i i = i P -1
90 e i = i i - 1
= 5 u r; 1 ( cnew ( i i  ) f s n e w ( i  i ) )
:if ( i l - 1  ) 1 000 , 1 20 J O C  
100 : i i ^ - i i - 1  
<v 1 = 1 i -1
5Ui-,2 = si .m2 + e i  + e i  + ( c n c u  ( i i l + snew ( i i ) )  
i f ( i i - 1 ) 1 0 0 0 , 1 2 0 , 1 1 0  
110 11 = 1 i -1 
go t o  70
120 pfO' JI  =4 . + 5LI)M1 
p r o u 2  = 2 . 4 SUM2 
c 0 0 = ( ' ie 1 r * d e l r  + d e l r ) / 3  
g r a l  =c o t + ( p-t-r:.:) ( c ne w(  i p )  + s n e u (  i p )  ) - i pr ou1 Tp r o d 2 )
Cl ( i p  ) = 1 . - g r a l  + 4 . -i riumb->^3. 1 41 J7-M r a u i u s  = + 3 ) / v u l  
s s  = a "  b [ [  ( i p ) / (  1 . +b-!- jabs ( cc ( i p ) ) )
, i f ( d a b s ( P C ( i p ) - c n e w ( i p ) ) - e r r ) 1 2 3 . 1 2 3 , 1 2 5  
123 i r ( d a b s ( 5 5 - s n e w ( i p ) ) - e r r t s n e w ( i p ) ) I 30 , 1  3 0 , 1 2 5  
125 i n d e x = 1 .
130 c n 9 w ( i p ) = c c ( i p )  
u t  = cz:i: ( 1 . 0 - c n e w ( i p ) )  + v o l /  ( nuMb- t dens  ) 
t p t 5 = d s o r t ( t ) 
s n o w ( i p ) = s 5  
i f ( i n d e x ) 1 0 0 0 , 1 4 0 , 1 5  
14 0 t = t + d e l t  
i f ( t - t e n d ) 1 6 0 , 1 0 0 0 , 1 0 0 0  
160 do 170 i = 1 , i p  
c t e u p ( i ) = c ( i ) 
s t e n p ( i ) = 5 ( i ) 
c ( i  / = c K e w ( i ) 
s ( i ) = s n e w ( i )
cnew(  1  ) =criDw ' i ) + ( c new ( i ) - c t e m p  ( i ) ) 
s n e w ( i ) = s n e u ( i ) + ( s n s u ( i ) - s t e m p ( i ) )  
C D u n t e r = c o u n t e r + 1  
i f ( 1 - c o u n t e r . )  6 4 0 , 6 5 0  , 650 
650  w r i t e ( 6 , 9 ? S ) t , t p t 5 , c n e w ( i p ) , u t  
6 40  c o n t i n u e
i f ( i c h e c k - c o u n t e r ) 1 0 0 0 , 6 0 0 , 1 7 0  
600  c o n t i n u e  
c o L n t : r = 0 . 0  
170 c o n t i n u e  
•jo t o  15 
1000  c o n t i n u e  
s t o p
9 9 ?  f o r m a t ( v )
998  f o r ; i a t ( d 1 2 . 6 , 4 x , d l 2 . 6 , 4 x , d 1 2 . 6 , 4 x , d 1 2 . 6 )
997  f o r m o K  12f  1 0 . 4 )
3 3 3 3  f o r m a t ( 4 f 1 0 . 2 )
9 3 7 6 - f o r  m a t ( 7 f 1 0 . 3 )  
e n d
449
Program A4. 2:  To C a l c u l a t e  M u l t i s o l u t e  E q u i l i  
from S i n g l e  S o lu t e  S o r p t io n  E q u i l ib r iu m  Data.
: iMMiic i t  r o wl  3 ( a - h  . o - z  ) 
r e a l  he c k
comnon p h i ( 2 , 1 i 0 ) , d o r ( 2 , 1 1 0 ) , c o n ( 2 , 1 1 0 ) . p ( 2 , 3 ) , v i n e ( 2 , 3 ) . c i a ( 2 ) , x k ( 2 ) , c o r  
d i m e n s i o n  d a t ( 5 ) , x n a b s ( 2 ) , z c ( 2 ) , z e ( 2 ) , s s q ( 3 ) , d e v ( 3 ) , x r t &(8) 
r e a d  ( 5 6 , 1  001 ) ivn
1001 format;V) 
dû 3 J = 1 . 3 
3 s s q (  i ) = 0 . 0
c a l l  i s e t u p  
do 50 k = 1 . n n
r e a d ( 5 6 , 1  0 0 2 ) d a t ( 2 ) , d a b ( 4 ) , d a i ( 3 ) , d a t ( 5 ) , d a t ( 1 )
1 0 0 2  f o r m a t ( v )
x n a b s d  ) = 5 0 + ( d a t ( 2 ) - d a t (3 ■ ) / d a t ( 1 ) 
x n a b s (  2 ) =50-f- ( d a t  ( 4 ) - d a t  (5 ) ) / u a t (  1 ) 
c i a ( i ) = d a t (3 ) 
c i a ( 2 ) = d a t ( 5 )  
c a l l  c a n G w r ( p 5 i n , i e r r )  
i f  ( i e r r . e q . 1 )  s l o p  
x t o t = x n a b s ( 1 ) + x n a b s (2)  
do 5 j = 1 ,2
z c ( j ) = c i a ( j ) / v i n t ( j . 1  ) .
5 z e ( J ) = x n a b s ( j ) / x t o t  
x t c a 1 = 0 . 0  
d£ 10 j = 1 , 2
xn = v i n t  ( j . 1 )  ^ d i n t a  ( . i , v i n t  ( i , 1 ) )
10 x t c c . l  = x t c a l  + z c ( j ) / x n
x t c a l  = l . / x t c a l
d e v '  1 ) = ( x t c a l - ; - : t o t ) - M O O . / x t o t
de v  ( 2 ) =  ( 7 .C  ( 1 )  - z e  ( 1 ) )  +  1 00 .
d e v ( 3 ) = ( z c ( 2 ) - i e ( 2 ) ) i 1 0 0
do 20 J = 1 , 3
20 s s q ( j ) = £ s q ( j ) v a b s ( d e v ( J ) ) 
x r e s ( 1 ) = c i a ( 1) 
x r e s ( 2 ) = c i a ( 2 )  
xr  e s  ( 3 ) = ; : t o t  + ze  ( 1 )
x r e s (4 ) = x t c a l  + z c ( 1 )  ^
x r e 5 ( 5 ) = x t o t * z e ( 2 )
X r e s ( 6 ) = x t c a l  + z c ( 2 )
x r e s ( 7 ) = x t o t
x r e s ( 8 ) = x t c a l
w r i t e ( 6 7 , 7 7 5 ) ( x : e s ( i ) , i = 1 , 8 ) , z e ( 1 ) . z e d ) , z e ( 2 ) , z c ( 2 ) , ( d s v ( i ) , i = 1 , 3 )
775 f o r m a t ! 1 5 ( f 1 0 . 6 , 1 % ) )
50 c o n t i n u e  
do 55 j = 1 , 3 
i ' ieck = f  l o a t  ( nn  )
M a r k = d b l e ( h e c k )
55 s s q ( . i )  = c s q (  i ) / m a r k  
w r i t e ( 6 7 , 2 0 0 3 ) ( s 5 q ( i ) , i = 1 , 3 )
20C3 f c - m a t ( 7 0 x . 3 ( 2 x , " 8 . 3 ) )
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s t o p
e  il d
s u b r o u t i ne c a n s w r ( p s i n , i e r r ) 
i m p l i c i t  r e a  1 r 8 ( a - h , 0 - 2 ) 
common p h 1 ( 2 J  1 0 ) , d o r ( 2 , 1 1 0 ) , c o n ( 2 , 1 1 C ) , p ( 2 , 3 ) , v i n t ( 2 , 3 ) , c i a ( 2 ) , x k ( 2 ) , co 
d i m e n s i o n  c x e r r ( 2 ) , c p h i ( 2 ) , i c h ( 2 )  
i ma%=50 
c X e r r  ( 1 ) = -1 0 0 0 0 0 . 
c x e r r ( 2 ) = 1 0 0 0 0 0 .  
c p h i ( 1 ) = . 0001 
c D h i ( 2 ) = 1 0 0 0 0 0 .  
i c h ( 1 ) =- 1 
i c h ( 2 ) = - l  
e r t c l = . 0 0 1  
i c D u n t = 0  
p l i m = p h i ( l , 2 )
i f  ( p h i ( 2 . , 2 ) . l t . p l i M )  p l i m  = p h i  ( 2 , 2 )  
c a l l  d a t r e ( p 5 i n , i e r r , 0 )  
p 5 i n = p s i n
i f ( i e r r . e q . 1 )  go t o  50
3 i c Glint  = i c o u n t  + 1 
;if ( i c o u î i t . g t .  i i i a x )  go t o  60
c a l l  d a t r e ( p s i n , i e r r , 1 )  
i f ( i e r r . e q . O )  go t o  4 
i e r r = 0
w r i t e ( 6 7 , 2 0 0 1 )
4 d t r r = 0 . 0  
x e r r = 1 . 0 
do 5 J = 1 , 2
x e r r  = x e r r - c i a ( J ) / v i n t ( J , 1 )
5 d e r r  = d e r r  c i a ( J ) ^K' i nt  ( j , 2 ) / (  v i n t  ( J , 1 ) * v i n t  ( j , 1 ) ) 
i f ( d a h £ ( x e r r ) . I t . e r t o l ) go t o  10
i f ( x e r r .  I t . O . O . a n d . x e r r . g t . c x e r r ! 1 ) )  go t o  80 '
i f ( x e r r . g t . 0 . 0 . a n d . x e r r . l t . c x e r r ( 2 ) )  go t o  90 
•go t o  85
8 0  c x e r r ( l )  = x e r r  
c p h i ( 1 ) = p s i n  
1 c h ( 1 ) = 1 
g o  t o  3 5
9 0  c x e r r ( 2 ) = x e r r  
c p h i ( 2 ) = p 5 i n  
i c h ( 2 ) = 1
8 5  i f  ( i c h  (1 ) . - g t . 0 .  a n d .  i  c h  ( 2 ) .  g t  . 0  ) g o  t o  8  
p s i n = p s i n - x e r r / d c r r
i f ( i c G u n t . g t . 2 0 )  p G i r i = ( c p h i (  1 ) + c p h i ( 2 ) ) / 2 .  
i f  ( p s i n .  l t . p i i - n > p 5 i r i = D l i H  
•go t o  3
8  p s i i i  = p 5 i n - ; : e r T ^ - ( c p h i  ( 2)  - c p h i  ( 1 ) ) /  ( c x e r r  ( 2 ) - c x e r r  (1 ) ) 
i f  ( i c o u n t . g t . 2 0 ) p s i r i = ( c D h i  ( 1 ) + c p h i  ( 2 ) ) / 2 .
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-i f ( p e i n . 1 1 . p 1 i fi ) p s i n=p 1 i m 
go t o  3 
10 i e r  r  = 0 
ÿc  t o  70
50 Uï' i  l e  ( 6 7 , 2 0 0 1  ) ,
2001 f o r m a t ( 1 0 x , 2 6 h p a r ü M e l e r  t a b l e  i s  t o o  s ma l l  ) 
qo t o  65
60 w r i t e ( 67 . 2 0 0 2 )
2002  f o r m a t (1 O x , 3 6 h c o n v e r g e x c e  c o u n t  i s  g r e a t e r  t h a n  50)
65 i e r r = 1
70 c o n t i n u e  
r  p t  u r  n 
e n d
s u b r o u t i n e  i s e t u p  
i m p l i c i t  r e a l m s ( a - h , D - z )  
common p h i ( 2 , 1 1 0 ) , d e r ( 2 , 1 1 0 ) , c u n ( 2 , 1 1 0 ) , p ( 2 , 3 ) , v i n t ( 2 , 3 ) , c i a ( 2 ) , x k ( 2 ) , c o r  
d i m e n s i o n  i g a p ( 9 ) , x g a p ( 9 ) , i t v p ( 9 ) , c o n s ( 6)  
d a t a ( 1 q a o ( i ) ,  i = 1 , 9  ) / 1  , 1 , 5 . 2 0 , 1  5 , 1 0 , 2 0 ,  2 0 ,  1 7 /
d a t a ( x q a p ( i )  , i  = 1 , 9 ) / . 0 0 0 0 0 4 , . 0 0 0 0 1  , . 0 0 0 0 5 , . 0 0 0 5 , . 0 0 3 , . 0 1  , . 0 5 , .  15 , . 3 /
d a t a ( i t y p ( i ) , 1 = 1 , 9 ) / 5 , 5 , 1 , 1 , 1 , 1 , 1 , 1 , 1 /
d a t a ( c o n s ( i ) , i  = 1 , 6 ) / I  9 . 0  , 7 5 . 0  , 50 . 0  . 5 0 .  0 , 7 5  . 0 , 1  9 . 0 /
do 5 J = 1 , 2
5 r e a d ( 5 6 , 1 0 0 1 ) ( p ( j , i ) , i = 1 , 3 )
1001 f o r m a t ( v )  
do 7 . 1 = 1 , 2
7 w r i t e ( 6 7 , 1 0 0 1 ) ( p ( j , i ) , i = 1 , 3 )
do 30 k = 1 , 2
i d t = 1
D h i ( k , i d t )  = 0 . 0  
i  f ( k . e Q . 2  ) go t n  3 
d e r ( k . i d t ) = p ( k , 1 ) f p ( k , 2 )  
go t o  9
S d e r  i d t ) = p ( k , 1 ) * p ( k , 2 )
9 c o n ( k , i d t ) = 0 . 0  
do 25 j = 1 , 9  
i g = i g a D ( J )  
do 25 1 = 1 , i g  
i d t = i d t + 1 
con (i'v, i d t  ) = c e n ( k ,  i d t - 1  ) s , ; ga p  ( j  ) 
d e r ( k , i d t )  = d i n t a ( k , c o n ( k , i d i ) )  
i f  ( i t yc*( J ) . e q . 5)  go t o  20 
X = ( c o n i k , i d t - 1 ) + c o n ( k , i d t ) ) / 2 .  
d 1 n t  = d i n t  a ( k , x )
15 p h i ( k , i d t )  = p h i ( k , i d t - 1 ) + x g a p ( J ) * ( d e r ( k , i d t - 1 )  + d e r ( k . i d t )  +
^  4 . : t d i  n t ) / 6 .  
go t o  25 
20 c o n t i n u e  
i f  ( i d t . e q . 2 )  go t o  35 
x = c o n ( k , i d t - 1 ) - x g a p ( J ) / 5 . 
d i n t = 0 . 0
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do 23 n = 1 , 6  
X = X + > : g : i p ( j ) / 5 .
23  d i n t = d i n t  + d i n t a ( k , x ) t r o n 5 ( n )
Lilii ( k , i d t  ) = pi'ii {k , i d t - 1 ) t d i n t  + x q a p  ( j ) /  2 8 8 .
•3 0 10 25 
35 n i = 0 , 0  
51 r  = 0.  0 
x = 0 . 0
x c h e c k = d e r ( k , 1)
3 ?  ) . ' check = x c h e c k / 2 .
; i f ( k . e q . 2 )  go t o  38 
x f i n = ( p ( k , 1 ) / x c h e c k ) - ( 1 . 0 / p ( k , 2 ) )  
gc  t o  39
38 % f i n = ( p ( k , Î ) / x c h e c k ) - ( Î . 0 / p ( k , 2 ) )
39 i f  ( x f  i n . g t . x g E i p (  1 ) ) go t o  42 . - • -
x i n t = ( x f i n - x s t r ) / 5 .
x = x - x i n t
d i n t  = 0 . 0  ,
do 40 n = 1 , 6
x = x + x i n t
■40 d i  n t  = d i n t  + d i n t a  ( k , x ) o n s  ( n )
Di  = p i  + d 1 n t  Xf i n - X 5 1 r ) / 2 C 3.
X 51 r = X f  1  n 
go t o  37
■42 x i n t = ( x g a p (  1 ) - x  = t r ) / 5 .
x = x - x i n t
d i n t = 0 . 0
do 45 n = 1 , 6
X = X + Xi n t
45 d i n t = d i n t  + d i n t a ( k , %) : i c o n s ( n )  
p h i ( k . 2 ) = p i 4 d i n t % ( x g a p ( 1 ) - x s t r ) / 2 8 8 .
25  c o n t i n u e  
go t o  30
wr  i t e ( 67 . 2001 } ( c o n ( k , i ) , 1  = 1 , 1 1 0 )  
w r i t e ( 6 7 , 2 0 0 1 ) ( p h i ( k , i ) , 1 = 1 , 1 1 0 )
2001 f o r m a t ( 1 0 ( 2 % , e l  1 . 4 ) )
30 c o n t i n u e
r e t u r n
e n d
s u b r o L i t i n e  d a t r e ( p 5 i n , i e r r , i c p t  ) 
i m p l i c i t  r e a l - r S ( s - h , D - z ) 
common p h i ( 2 , 1 1 0 ) , d e r ( 2 , 1 1 0 ) , c o n ( 2 , 1 1 0 ) , p ( 2 , 3 ) , v i n t ( 2 , 3 ) , c i a ( 2 ) , x k ( 2 ) , z o r  
i f ( i ü o t . e a . O )  go t o  30 
: i e r r  = 0
do 20 j  = 1 , 2  , .
i c h e c k = 0  ' ■
w i c h e c k = i c h e c k + 1
i f ( i c h s c k . e o . 110)  go t o  6
i f  ( p h i ( j , i c h e c k ) . l e . p s i n )  go t o  5
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6 i f  { i c h e c k . q e . 110)  i e r r = 1
VI n t  ( 1 ,1 ) = con ( J , i c h e c k - 1 ) : ( ps  n i - n h i  ( j  , i c l i e c k - 1  ) )•*•'
cor, ( , i , i c h e c k  ) -  con  ( j  . i c h e c k - 1  ) ) /  ( p h i  ( i , i c h e c k ) - o h i  ( j , i c h e c k - 1  ) )
V 1  n t  ( i . 3 ) = ( 1 . /  u e i ' ( j , 1  c h e c k  ) -1 . /  d e c  ( J , i c h e c k  - 1 ) ) /  ( n h i  ( j  , i c h e c k  )
3 - 0  h i ( J , 1  c ii e c k - 1 ) )
x i n t  = d e c ( j , i c h e c k - 1 ) + ( o s i  n - p h i ( j , i c h e c k - 1 ) )  + ( d e c ( j , i c h e c k )
& - d e r ( j , i c h e c k - 1 ) ) / ( p h i ( J , i c h e c k ) - p h i ( J , i c h e c k - 1) )
20 v i r . t  ( 1 , 2 )  = 1 . / x i n t  
r  c t u r n 
30 c o n t i n u e  
:i e r r  = 1 
i:<sin = 0 . 0  
do 40 j = 1 , 2  
c o i i i t =  c i a ( J )
: i c hec k=0
35  i c h e c k = i c h e c k - M
i f ( i c h e c k . e Q. 1 ! 1 ) r  e t  u r n
i f ( c o n ( j , i c h e c k ) . l e . c o i n t ) q o  t o  35
:i f ( p h i  ( j  , i c h e c k  ) .  g t . p s i n ) p s i n  = p h i  ( j , i c h e c k )
40 c o n t i n u e  
i e r r = 0  
r e t u r n  
e n d
f u n c t i o n  d i n t n ( k , x )
Tmol  i c i t  r e a l + 8 ( a - h  , o - z ) 
common p h i ( 2 , 1  ! C) , d e r ( 2 , 1 1  0 ) , c o n ( 2 , 1 1 0 ) , p ( 2 , 3 ) , V i n t ( 2 , 3 ) , c i a ( 2 ) , x k ( 2 ) , c o r  
i f ( k . e o . 2 ) q o  t o  10
d i n t a = ( p ( k , 1 ) * p ( k , 2 ) ) / k 1 . 0 + ( p ( k , 2 ) * x ) )  
r e t u r n
1C d i n t a = ( p ( k , 1 ) + p ( k , 2 ) ) / ( 1 . 0 + ( p ( k , 2 ) * x ) )
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